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X.  . SUMMARY 

\j 

A stability  and  control  study  of  i small  Rocket  Lift  Devioe  was 
performed  employing  analytic  methods.  Mathematical  definition  of  the 
operator's  control  actuation  logio  and  ritual  orientation  sensing  capabil- 
ities were  formulated.  These,  together  v/ith  the  equations  of  motion  of  the 
system,  were  programmed  for  an  IBM  70tj  digital  computer  and  pitch  plane 
trajectories  were  computed.  Additionally,  a yaw  plane  trajeotory  and  a 
one  degree  of  freedom  roll  dynamics  program  were  run  on  an  IBM  610  digital 
computer. 

The  operator  was  assumed  to  apprise  himself  of  his  orientation  through 
rlsual  referenoe  to  the  ground.  Thrust  direction  and  magnitude  were  oon- 
trollad  by  the  manipulation  of  hand  levers.  The  linkage  of  those  controls 
was  varied  to  determine  tho  effect  on  stability  and  control.  It  was  determined 
that  oontrollabls  flight  oould  be  achieved  for  the  man-vehicle  ayatem  studied. 

The  effeots  of  CO  shift,  wind,  a severe  body  oontortion,  variation  x 
of  flight  rules,  and  temporary  loss  of  thrust  wsrs  investigated.  — =^w  p 

II.  INTRODUCTION 

This  report  doeoribse  a stability  and  control  study  performed  aa  a 
part  of  a feasibility  study  of  a "Small  Rocket  lift  Device"  (3RLD)  performed. — 

. bv  the  Aerojet  Systems  Division  for  the  U.  S.  Amy  Trs nsportatioh  Reeearoh 
and  "infliheetmn" Command  .under  Oontraot  No.  DAliWi77.iTn.goq/  Certain  weight 
and  dimensional  and  motor  performance  data  defining  thi  device  wee  extracted 
from  other  portions  of  this  study.  Additionally,  a Human  Engineering  Study 
performed  under  thia  oontraot  contributed  information  concerning  tho  physical 
oharaoterletioa  of  the  operator  of  tha  devioe  (Referenoe  1). 

Sinoe  tho  objsotiva  of  the  study  was  to  determine  the  feasibility  of 
a devioe  of  this  type  rather  than  to  precisely  predict  the  optimum  vohiols 
performance,  this  stability  and  oontrol  study  Is  direoted  toward  determining 
whether  a system  configuration  may  be  defined  which  allows  safe,  oontrollabls 
flight.  It  was  felt  that  optimizing  the  operator's  actions  wae  neither 
nsosssary  nor  desirable.  The  computed  flights,  therefore,  do  not  show  either 
the  performance  of  an  optimum  system  or  the  optimum  performance  of  the  eeleoted 
system.  It  will  be  found  that  this  report  departs  somewhat  from  the  olass- 
loal  form  of  reporting  in  which  the  method  of  approach  is  first  presented 
independent  of  the  results.  This  was  found  desirable  since  this  study  in- 
volved both  the  determination  of  a method  of  analysis,  and  the  generation 
of  a satisfactory  vohiole  geometry.  The  capabilities  of  the  vehicle  and  the 
operator,  whioh  might,  in  part,  more  properly  be  considered  results,  in- 
fluence the  form  whioh  the  method  of  analysis  must  take.  It  wae  therefore 
considered  adviuoable  to  introduce,  along  with  each  point  of  the  develop- 
ment of  the  Method  of  analysis,  that  item  of  vehlols  or  operator  capability 
whioh  determined  the  form  of  that  portion  of  the  analysis.  It  is  fslt  that 
this  form  of  presentation  will  be  the  most  meaningful. 
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Sine*  the  objeotiv*  of  the  beaio  study  woe  to  investigate  the  overall 
feasibility  of  a SRLD,  other  faotors  besides  stability  and  oontrol  had  to 
be  considered  in  establishing  a system  eon  figuration.  Thus*  this  Stability 
and  oontrol  study  was  dlreoted  toward  investigating  a general  configuration 
v.  vhioh  satisfied  the  requirements  of  low  cost  and  weight*  compactness* 

. vNsgliabiliiy*  and  performance  potential* 

The  configuration  which  was  oonsiderod  oonsists  of  two  pressue-fed 
liquid  monopropellant  motors  mounted  to  a baok  paok  whloh  supports  all 
vehlole  components,  A single  throttle  oontrolo  the  propellant  flow  to  both 
motors  while  a thrust  differential  between  the  motors  is  effeoted  by  employing 
a flow  dividin'*  valve*  Thrust  vectoring  is  effeoted  through  both  gimballing 
of  the  no teles  and  the  use  of  a jetavator*  Extensions  of  the  paok  structure 
on  eaoh  side  of  the  operator  bring  the  hand  oontrols  to  a position  convenient 
to  the  operator* 

111.  DIS0U3SI0N  \ 


A.  OPERATOR  CAPABILITY 


In  order  to  perform  a quantitative  study  of  ths  dynamics  of  a 
guided  airborne  system*  it  is  necessary  to  dsflns*  in  mathematical  language* 
ths  guidanoe  and  oontrol  systems.  In  ths  cast  of  the  small  rocket  lift 
dovlos*  ths  operator  performs  ths  guldens  t and  oontrol  actuation  functions. 

It  is  apparent  that  the  complexity  of  the  entire  study  is  largely  a function 
of  the  complexity  of  the  equations  defining  the  operator  sinoe  the  equation* 
of  motion  are  for  the  most  part  lnveriant  from  syetem  to  system,  For  this 
reason*  considerable  attention  was  given  to  the  operator  characteristics 
before  a method  of  solution  was  soleoted. 

One  of  the  first  ohoioos  which  had  to  be  mads  was  between  a 
skilled  and  a relatively  untrained  operator.  Obviously*  ths  less  skill 
assumed  on  the  part  of  the  operator*  the  more  ooneerv.  ti  e the  results  of 
the  etudy  become.  Additionally.  It  was  felt  that  a abudy  whloh  assumed  a min- 
imum of  operator  capability  would  be  the  most  productive  in  pinpointing  the 
areas  in  whloh  preflight  training  was  required  end  indicating  the  degree 
of  proficiency  which  would  be  acceptable  for  safe  free  flight  operation. 

For  these  reasons*  it  was  deoidad  that  an  unskilled  operator  would  be  used 
as  the  mathematical  model. 


, In  order  that  the  operator's  response  pattern  be  defined*  it 

beoomes  necessary  to  resort  to  analogy,  Fortunntoly*  a olos*  analogy  to 
this  type  of  vehlole  exists  in  the  automobile*  for  whloh  the  behavior  pattern 
• of  an  unskilled  operator  Is  well  known.  Additionally*  the  frequenoy  of  oon- 

trol manipulations  is  of  the  some  order  of  magnitude  as  would  be  exneoted 
for  the  small  rookot  lift  device.  One  of  the  criteria  whloh  •ptoifioally 
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dofinnn  the  form  which  the  oolutlon  must  toko  is  the  degree  to  which 
the  operator  anticipates  future  events.  To  determine  this,  consideration 
is  given  to  the  analogy.  "Learning  the  brakes"  is  cue  of  the  first  accom- 
plishments of  the  student  driver,  and  this  is  effected  quite  rapidly*  The 
application  of  pressure  to  the  brake  control  is  far  ffrom  smooth  and  no 
attempt  is  made  to  "feather"  the  control,  but  tho  judgement  of  the  point  at 
vhioh  braking  action  should  be  Initiated  in  order  to  stop  at  a further  se- 
lectod  point  is  quite  good  after  only  a few  tries*  The  assumption  has, 
therefore,  been  made  that  the  operator  of  the  SRLD.  ie  o enable  of  anticipating 
his  stopping  point  for  a braking  mansuvtr  executed  at  some  poeltion  and 
velocity*  The  transition  time  to  move  from  the  accelerating  to  the  braking 
configuration  has  been  assumed  not  to  enter  into  his  oeloulations*  Certain 
maneuvers  which  the  operator  must  perform  will  have  to  be  made  familiar  to 
him  during  a training  period  in  some  eort  of  a tether  rig.  Among  these  is 
the  braking  maneuver*  Ae  in  the  oase  of  the  student  driver,  the  potential 
SRLD  operator  will  hava  to  learn  the  brakea*  This  must  be  done  for  both 
horiaontal  end  vertioel  flight. 

Other  than  the  braking  diotanoe  estimation,  the  student  driver 
does  not  appear  to  anticipate  to  any  great  degree,  but  rather  operate#  the 
oontrols  until  conscious  of  s condition  of  overcorrsction,  at  vhioh  time  he 
institutee  s control  revoreal.  (It  should  be  pointed  out  here  that  the 
abaenoe  of  wildly  erratio  steering  operation  should  not  be  taken  aa  an 
indication  that  feel  is  Immediately  developed  upon  first  enoountering  a 
oontrol*  Rather,  it  appears  to  be  an  indication  that  the  student  hae 
developed  soma  feel  through  observation  of  more  exoerieneed  operators  of 
the  vehicle  over  a period  of  time*  The  oontrol  of  the  gas  end  clutch  pedals 
is  a much  better  example  of  this  over-oontrol  effeot  ainoe  the  student  is 
muoh  less  aware  of  the  experienced  operator's  utilisation  of  thase  control*, 
they  being  muoh  leas  visible  than  the  steering  wheel)*  The  assumption  wee 
made  that  a similar  condition  existed  for  the  operator  in  this  study.  There 
is  some  reason  to  believe  that  An  operator  would  ga  n some  foel  for  the 
system  even  in  the  short  time  ooneumed  by  a single  flight.  However,  in  order 
to  keep  this  study  conservative,  it  was  assumed  that  no  feel  developed,  and 
that  the  operator  would  either  apply  the  maximum  possible  amount  of  foroe 
to  the  oontrols  or  release  them.  There  are  two  considerations  Involved  in 
arriving  at  this  type  of  response  pattern.  One  is  that  if  the  operator  has 
no  feel  for  the  oontrols,  a response  pattern  must  be  introduced  to  him  whioh 
dose  not  involve  gain.  The  other  consideration  le  that  the  inexperl enoed 
operator  is  liable  to  panio,  and  attention  should  be  given  to  the  mode  of 
operation  whioh  would  be  likely  in  this  oondition.  One  response  pattern 
whioh  done  not  require  feel  for  the  entire  system, whioh  may  be  introduoed 
to  the  operator^  le  the  application  of  a oonstant  level  of  foroe  to  the 
oontrols  in  response  to  a sensible  error*  Obviously,  any  foroe  level  except 
maximum  would  require  soma  preotioe  to  develop  a feel  for  the  oontrol  by 
itself,  although  free  flight  expert enae  would  not  be  neoeesary  for  tide. 


...... 
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It  might  be  expected  that  an  inexperienced  operator,  If  he  were  to  decide 
he  wee  loninr*  control,  would  panioj  and  in  thie  state  would  apply  the 
maximum  poanible  foroe  to  the  controls  to  Attempt  to  oorrect  an  increasing 
error*  In  light  of  these  considerations,  it  appears  that  the  SRLD  should 
be  designed  so  that  satisfactory  flights  may  be  performed  when  the  maximum 
possible  control  foroes  are  aopliri  in  response  to  sensible  errors,  and  that 
the  operator  bo  trained  to  operato  tho  vehicle,  initially, in  this  manner* 

The  foroe  whioh  the  operator  applies  was  assumed  to  be  equal  to  the  foroe 
whieh  9$%  of  all  potential  operators  would  be  eapable  of  applying. 

The  author  has  observed,  for  the  purpose  of  testing  the  validity 
of  the  description  of  the  student  driver t automobile  oontrol  response 
pattern,  several  drivers,  both  experienced  and  inexperienced,  in  several 
automobiles  with  different  oontrol  characteristics.  The  observed  performance 
indicates  that  the  description  is  valid* 

B*  RESPONSE  PATT’iRN 

If  feel  were  developed,  the  operator  might  be  expeoted  to  apply 
a oontrol  foroe  whioh  was  linearly  proportional  to  the  error  being  cor- 
rected (Referenoe  2).  If  we  define  the  position  error  as  , then  we  can 

define  the  oontrol  moment  whioh  would  be  exerted  ts  M " °0A  * °lA  * °2 

Cm  would  probably  be  negligible  in  any  oaso  and  would  be  ignored  in  a study 
including  feel  (Referenoe  2).  Considering  only  one  term  of  the  right 
member  (0  a Is  chosen  for  this  example)  we  would  show  a variation  of  mommt 
with A as  shown  in  Figure  la.  (0  is  assumed  negative)*  Since  the  operator 
is  limited  in  the  alee  of  the  moment  he  oan  apply,  the  M vs  curve  must 
be  modified  as  shown  in  Figure  lb*  Additionally,  there  is  a threshold  level 
of  error, A * , below  whioh  the  operator  would  not  be  oonsoioue  of  an  error, 
and  therefore  would  apply  no  moment*  This  results  in  a response  ourve  of 
the  form  shown  in  Figure  lo  (these  figures  are  not  to  soale).  An  analogous 
development  would  determine  the  response  curve  for  the  A term.  The  unfor- 
tunate part  of  adding  thie  elaboration  to  the  study  is  that  wt  cannot, 
with  any  degroe  of  aonfidenee,  assign  values  to  C end  C, , the  gains*  One 
could  determine  the  values  whioh  most  enhancsd  the  compared  performance  of 
the  system  but  these  would  be  optimum  values  and  it  would  be  overly  opti- 
mistic to  assume  that  the  operator  would  develop  optimum  conditioned  response 
to  the  system  at  e rapid  enough  rate  to  satisfy  safety  requirements*  lie 
possible,  however,  to  essumo  that  the  oDerator  is  instructed  to  apply  the 
maximum  possible  foroe  to  the  oontrols  as  noon  as  an  srror  is  peroelved* 

Whlls  this  will  lead  to  an  over-oontrol  condition,  the  tvpe  of  flight  path 
whioh  results  may  be  prodioted  and  oontrol  geometry  chosan  to  ellow  safe 
flight  within  this  fromowork*  This  approach  was  taken  in  this  study.  If  a 
successful  flight,  primarily  a oafs  one,  may  be  accomplished  this  way,  then 
any  "feel**  developed  would  only  enhenee  the  performance.  The  oontrol  response 
for  a "no  skill"  type  of  system  would  be  that  shown  in  Figure  Id* 
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The  question  will  naturally  arise  as  to  how  different  the  flight 
predicted  by  the  "no  feel"  system  will  be  from  that  expeoted  from  a oys tern 
in  which  the  operator  has  developed  a oertain  amount  of  feel.  This  must 
be  answered  in  two  parts » 

If  the  flight  is  completely  "on  design"  it  is  to  be  expeoted 
that  the  two  systems  will  dlffor  greatly  since  the  oscillations  about  oorreot 
attitude  values  which  are  expected  in  a system  with  an  unskilled  operator 
would  be  slight  in  a system  in  which  the  operator  has  perfect  feel.  However, 
it  may  be  seen  that  in  a system  in  which  errors  were  liable  to  increase 
rapidly  to  a magnitude  requiring  maximum  control  fores,  the  Integrated  oontrol 
moment  over  a time  T,  considering  gain.f  ..  . . u „ \ 

is  not  too  different  from  T once  the  error  is  introduced,  and  the  dynamioa 

of  the  two  oases  is  quits  similar. 

(The  inoreaae  of  the  error,  after  the  correction  is  Initiated, 
is  large  compared  to  that  during  the  reaotion  time).  This  would  lndioate 
that  onoe  a large  attitude  or  rate  error  had  occurred,  the  behavior  of  the 
system  with  feel  would,  at  least  for  a portion  of  the  flight,  be  quite 
similar  to  the  behavior  of  the  system  as  herein  defined.  It  may  be  mentioned 
that  a linear  representation  is  valid  only  for  a system  with  random  input, 
since  the  experienced  operator  would  otherwise  anticipate  future  errors* 

c.  vehicle  o'wwmr 

A general  vehlole  geometry  must,  of  course,  be  defined  in  order 
that  performance  and  stability  may  be  determined.  The  first  obvious  require- 
ment is  that  tho  operator  must  be  oepable  of  leaving  the  ground.  This  may 
be  Accomplished  in  two  ways  if  rooketa  are  employed.  The  first  is  to  pro- 
vide some  vertical  thrust  component  which  is  smaller  than  the  operator's 
weight  ao  that  when  he  jumps  up,  his  time  off  the  ground  is  increased  and 
he  may  translate  horlsontally  while  free  of  ground  oontaot.  The  disadvantage 
of  this  system  la  that  the  operator  cannot  to  any  groat  degree  control  hie 
vertical  position  and  may  return  to  the  ground  at  a rather  disadvantageous 
position.  The  other  possibility  is  to  provide  a vertioal  thrust  component 
whioh  is  somewhat  larger  than  the  operator's  weight  eo  that  he  may  oontrol 
his  time  off  the  ground  within  the  limlhs  of  the  duration  of  his  propellant 
supply.  This  system  promises  both  increased  performance  and  Improved  safety 
and  la  the  one  considered  in  this  study.  It  is  felt  that  a prototype  vehlole 
whioh  is  basically  what  is  considered  heroin  should  have  a thrust  not  too 
muoh  greater  than  the  operator's  weight,  sinoe  a vehlole  with  high  levels  of 
upward  acceleration  available  might  "run  awav"  with  an  lnoxperieneed  operator. 
The  maximum  thrust  of  the  vehicle  whioh  was  considered  in  this  study  is  token 
to  be  1.11  times  ns  great  ns  the  takeoff  weight,  however,  the  effeot  of 
inoreaeee  in  thrust  on  oerformanoe  has  been  Investigated,  and  shown  promise 
of  considerably  enhanolng  performanee.  Tho  takeoff  weight  of  the  man-SRLD 
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system  considered  herein  Is  260  pounds  Including  pounds  of  propellant* 

Since,  with  a low  thrust  to  weight  ratio,  climbing  performance 
will  be  quite  poor,  it  may  be  expected  that  the  system  will  operate  in  close 
proximity  to  the  ground.  High  downward  accelerations  are  therefore  neither 
desirable  nor  necessary  for  flexible  performance.  Also,  it  is  desirable  to 
keep  the  thrust  level  above  the  point  at  whloh  unstable  engine  operation 
might  ooour.  Since  the  inability  of  the  operator  to  obtain  thrust  when 
desired  might  have  dangerous  oonseouenots,  it  Is  felt  inadvisable  to  attempt 
restarts  in  the  air  since  a large  portion  of  motor  failures  ooour  at  ignition. 
Additionally,  since,  as  will  be  discussed  later  in  more  detail,  the  motors 
which  provide  the  vertical  thrust  components  are  also  employed  to  provide 
other  of  the  required  forocn  and  moments,  it  is  considered  deeirsble  thst 
the  rntio  of  full  thrust  to  idle  thrust  not  be  too  greet.  Since  all  of  these 
considerations  Indicate  the  desirability  of  a fairly  high  idle  thruat,  a 
ratio  of  full  to  idlo  thrust  of  2il  was  selected.  The  computed  performance 
results  showed  this  to  be  a satisfactory  ratio*  Tha  linkage  controlling 
the  thrust  was  designed  and  tha  value  of  idle  thrust  as  yielded  by  this 
design  was  157  pounds,  oompared  to  a maximum  value  of  310  pounde.  (A  pro- 
pellant load  of  l»5  pounds  and  an  Isn  of  100  seoonds  were  assumed  in  this 
study)* 


The  attitude  which  the  operator  assumed  was  next  aonsldered. 

It  was  felt  that  the  operator  would  be  the  most  nt  ease  in  a head-up 
attituda,  so  the  performance  requirements  were  considered  to  determine  whether 
the  system  could  be  so  oonotruoted  that  this  Attitude  was  feasible.  It  was 
determined  that  the  drag  nt  60  miles  per  hour,  which  speed  the  operator 
would  oertalnly  not  wish  to  exoeed,  was  only  62  pounds  for  the  operator 
flying  forward  and  essentially  upright.  Since  the  thrust  deflection  angle 
required  to  develop  thin  value  in  horisontal  thrust  (with  s total  thrust  of 
310  pounds)  is  only  come  eleven  nnd  s half  degrees,  there  is  oertalnly  no 
reason  to  require  larger  pitoh  angles  from  this  standpoint.  The  horisontal 
acceleration  corresponding  to  thin  thrust  level,  at  takeoff  weight,  lo  7.13 
ft  per  aeo2  which  tha  results  have  indicated  is  qulto  Adequate.  The  lege 
would  hang  down  below  the  operator,  since  restraining  them  in  the  sitting 
position  would  require  additional  system  weight  And  would  only  deteriorate 
their  value  as  shook  absorbers  during  landing.  Additionally,  as  was  de- 
termined during  the  oomputer  study,  some  motion  of  the  legs  will  be  required 
during  the  flight  to  trim  out  tho  CO  chi  ft  as  propellant  is  utilised,  or 
the  fore  end  aft  pitch  control  torques  become  markedly  asymmetric.  (Thie  will 
have  to  bo  a trained  response,  but  this  should  be  possible  before  free 
flight  Is  attempted). 

It  is  now  apparent  that  the  thrunt  axis,  when  undefleoted,  should 
be  parallel  to  the  vertiaal  centerline  of  the  operator.  To  prevent  tho  thrust 
from  exerting  a torque  about  the  CO,  in  the  undefleoted  position,  the  thruat 
axis  must,  of  course,  pass  through  the  CO.  Since  the  tankage  and  the  bulk 
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of  the  other  system  components  are  on  the  operators  book,  tho  combinod  00 
of  the  system  is  somewhat  above  tho  operators  waist  and  fairly  far  baok, 
so  that  if  a single  motor  were  mounted  below  tho  baok  pack,  the  thrust 
axis  might  be  arranged  to  pass  through  the  system  CO,  The  alternative  of 
plnoing  a single  motor  above  the  operator's  head  is  negleoted  for  obvious 
reasons.  The  objection  to  employing  a single  motor  below  the  pack  is  the 
difficulty  of,  through  o simple  dnvioe,  obtaining  a torque  about  tho  vertioal 
axle  to  induoe  a yawing  motion  without  indueing  roll  and  pitch  moments.  The 
next  alternative  is  to  supply  two  motors  arranged  either  fore  and  aft  or 
/side  by  side,  Tho  side  bv  side  disposition  is  chosen  since  the  major 
expeoted  motions  of  the  operator  may  be  expected  in  the  plane  containing 
I tho  operators  vertical  axis  of  symmstry  and  his  roll  axis  and  arranging 
the  motors  symmetrically  about  this  plane  allows  the  use  of  motor  gim- 
bolling,  in  a direction  in  which  there  is  tho  le  et  possibility  of  the 
exhaust  impinging  upon  the  operator. 

To  determine  the  form  the  remainder  of  the  eys  tern  must  tak*( 
consideration  was  given  to  the  flight  plan  which  the  operator  is  to  be 
required  to  follow. 


D.  m\TIVE  MAGNITUDE  OP  VMSOUS  MOTIONS 

Provious  studies  (See  seetion  on  Human  Engineering,  Ref.  1)  have 
shown  that  the  time  required  for  an  operator  to  respond  to  a stimulus  is 
proportional  to  the  number  of  different  pleoes  of  data  which  make  up  the 
stimulus,  and  the  number  of  different  controls  whioh  the  operator  must  make 
a decision  to  manipulate  in  response  to  the  stimulus.  It  is  thus  apparent 
that  a vehicle  whioh  dperated  in  a two  dimensional  format  would  require 
somewhat  less  acouitv  of  reaction  on  the  part  of  the  operator  than  one  whioh 
moved  in  three  dimensions.  Unfortunately,  there  is  no  way  of  restraining  a 
free  flight  vehialo  to  move  only  in  two  dimensions.  It  is  possible,  however, 
to  roduoe  the  complexity  of  the  decisions  whioh  the  operator  Is  required  to 
make  b”1  specifying  flight  plane  for  training  whioh  require  maneuvers  to  be 
performed  in  what,  is  basically  a piano,  with  all  othor  control  motions  used 
only  for  the  purpose  of  restraining  tho  flight  to  this  plane,  Tho  operator, 
than,  is  relieved  of  the  requirement  of  executing  and  coordinating  several 
simultaneous  maneuvers.  Considering  the  flight  time  which  ie  attainable  with 
this  system  (approximately  17  or  16  neaonds  is  a maximum),  it  may  be  seen 
that  the  number  of  maneuver  decisions  which  the  operator  must  make  is  quite 
high  compared  to  the  flight  time,  and  if  he  should  got  himself  into  a com- 
bination of  attitude,  position,  And  velocities  which  are  incompatible  with 
safe  landing,  ho  mny  well  find  that  he  has  run  out  of  propellant  before 
he  is  able  to  sort  out  and  oorreot  tho  multitude  of  errors. 
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The  mission  which  It  la  moat  desired  for  the  SRU)  to  perform 
ia  what  io  basically  a long  jump.  This  maneuver  may  be  carried  out,  in  the 
absence  of  any  perturbations  of  the  design  flight,  entirely  in  the  pitoh 
plane.  The  controls  which  are  required  for  flight  in  this  plane  are  a throt- 
tlable  motor  whioh  has  been  previously  diaoussed  plus  a control  which  may 
be  used  to  control  pitch  orientation.  As  mentioned,  two  motors  are  pro- 
vided which  yield  a thrust  somewhat  greater  than  the  loaded  weight  of  the 
system  parallel  to  the  vertioal  axis  of  the  operator.  A horisontal  thrust 
oomponant  whioh  is  sufficient  for  flight  requirements  could  be  obtained 
by  pitohing  the  operator  and  the  thrust  vector  forward  several  degrees* 
Additional  use  may  be  made  of  these  motors  if  they  are  eo  mounted  that  it 
is  possible  to  rotate  them  so  that  a pitching  torque  may  be  produced.  The 
reaotion  of  an  operator,  as  has  been  stated  previously,  will  vary  with  the 
complexity  of  the  correlation  of  stimulus  and  oontrol  motion.  Consideration 
has  been  given  to  this  in  aeleoting  the  proper  axis  of  the  motors. 

JS.  POSITION  OF  MOTOR  OIMDAL  AXIS 

It  was  determined  that  the  reaotion  time  that  could  be  expeoted 
in  a situation  where  the  type  of  reaotion  and  the  type  of  stimulus  were 
known  and  correlated,  but  the  sense  of  the  stimulus  and  its  time  of  ooourenoe 
were  unanticipated,  would  be  approximately  l/lt  second  for  the  average  un- 
skilled operator.  (A  value  of  either  .26  or  .2$  was  used  for  oonvenoienoe 
in  the  various  computer  routines  to  make  it  an  even  multiple  of  the  computing 
interval, ) If  a vehicle  in  to  be  operated  through  the  manipulation  of  a 
series  of  controls,  than  the  eorrelation  of  orror  cttreotlon  and  required 
oontrol  deflection  may  be  greatly  simplified,  and  the  speed  of  oontrol  response 
improved  correspondingly  if  for  all  oases  of  error,  the  direction  in  whioh 
the  control  is  to  be  moved  is  the  same  as  that  in  whioh  the  oontrol  fores 
is  desired.  Considering  first  the  oontrol  of  horisontal  velocity  and  pos- 
ition, it  is  apparent  that  if  the  operator  desires  tc  go  forward,  he  is 
raouired  to  provide  a forward  thrust  component.  For  the  case  of  a vehiole 
which  is  operated  so  that  an  initially  vertical  axis  remains  essentially 
vertioal  throughout  tha  flight,  with  the  motors  so  disposed  that  when  at  rest, 
they  are  parallel  to  the  vortical  axis,  the  required  forward  thrust  component 
would  be  obtained  by  rotating  tho  throat  axis  of  tha  motora  so  that  the  di- 
rection of  the  thrust  axes  was  up  and  f orwarii  (tho  upward  thrust  component, 
naturally,  counteracts  tho  pull  of  gravity),  It  is  upparent  that  if  the 
oontrol  linkage  ia  no  arranged  tlmt  the  thrust  axis  is  always  parallel  to 
tho  oontrol  lrvor,  tho  ronni rement  that  tho  motion  of  the  control  be  In 
the  same  direotion  as  the  desired  motion  of  the  vehicle  (in  this  oase  forward) 
is  satisfied.  If  the  axis  about  whioh  the  motors  pivot  passed  directly 
through  the  CO  of  the  aye  torn,  then  no  torque  would  be  exerted  about  thie  00 
and  thoro  would  be  no  change  in  the  pitoh  inclination  of  the  system.  Un- 
fortunately, the  CO  is  bound  to  shift  as  propellant  is  expended,  and  other 
perturbations  suoh  as  aerodynamio  forces  and  motions  by  the  operator  are 
bound  to  induce  upsetting  moments  which  will  result  in  ohanges  of  pitoh 
orientation.  Accordingly,  it  becomes  necessary  to  provide  a means  of 


supplying  o restoring  torque*  The  motors  which  have  already  been  mads 
available  to  provide  horizontal  and  vertical  thrust  components  may  be  used 
for  this  purpose  if  the  pivot  axis  in  displaced  above  or  below  the  00, 

If  the  motor  pivot  were  displaced  below  the  CO,  then  pivoting  the  thrust 
vector  from  straight  up  to  up  and  forward  would  cause  the  system  to  pltoh 
backward.  This,  it  may  be  aeon  does  hot  satisfy  our  requirement  that  the 
motion  of  the  control  system  be  in  the  name  direction  as  the  required  motion 
of  the  vohiole.  This  requirement  may  bo  satlefied  by  displacing  the  pivot 
axle  of  the  motors  above  the  CO,  which  is  the  geometry  of  the  vshiols  herein 
considered. 

Several  additional  considerations  a re  involved  in  the  determination 
of  the  position  of  the  olvot  axle.  If  the  pivot  axis  is  pl'ced  too  high, 
sensitivity  is  too  high  end  the  limits  of  motor  deflection  must  be  kept 
small  whereupon  manuf  cturing  tolerances  become  increasingly  significant,  i 

If  the  motor  axis  is  planed  too  low,  then  the  arc  swept  by  the  thrust  veotor 
(with  a reasonable  deflection)  between  the  stops  may  not  always  inolude 
the  CQ  as  it  moves  with  propellant  depletion.  Although  the  operator  will 
probably  be  required  to  move  his  legs  to  trim  out  the  00,  it  is  still  felt 
that  it  is  desirable  to  so  dispose  the  motors  that  pitching  torques  in  both 
directions  are  always  available  even  without  this  00  trimming* 

It  was  found  that  apeoing  the  motors  1?  inches  to  either  aids 
of  the  vertical  axis  of  the  operator  would  keep  him  free  of  the  exhaust  blast 
and  still  allow  a compact  design.  This  value  was  used  in  these  computations. 

F,  ROLL,  YAW  AMD  LiTTRAL  DISPI/.C’TOT 

The  motions  which  still  remain,  and  for  whloh  corresponding 
oontrols  must  be  considered,  are  yaw,  roll,  and  lateral  displacement,  Sinoe, 
as  was  discussed  previously,  flight  maneuver  requirements  would  be  limited 
primarily  to  the  pitch  plane,  it  ie  not  neoessary  to  provide  oontrols  intended, 
primarily,  for  effecting  large  translations  in  the  lateral  direction.  Our  ! 

concern  will  be  primarily  with  effeoting  roll  and  yaw  stability.  The  oon-  1 

trols  provided  for  this  purpose  allow  the  lateral  displacement  to  be  controlled  1 

but  it  should  bo  understood  that  the  control  of  this  motion  will  basically 
be  limited  to  keeping  the  lateral  displacement  small, 

0,  CRTTRIA  FOR  ROLL  ANO  YAW  STABILITY 

The  most  likely  source  of  a disturbance  which  would  cause  a 
lateral  shift  is  a cross  wind.  This  could  be  correct -jd  for  by  holding  a 
small  roll  angle  so  as  to  provide  an  upwind  thrust  component.  It  is  felt 
that  roll  stability  may  be  demonstrated  if  the  vehicle  may  he  shown  oapable 
of  performing  • change  in  roll  orientation  with  no  unduly  large  oeoillations, 

.An  Investigation  of  this  control  requirement  wan  made  with  a one  degree  of 
freedom  analyeis  employing  en  IBM  610  digital  computer.  The  control  momsht 
wee  assumed  to  be  provided  by  e differential  thrust  between  the  two  motors 
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with  a maximum  valuo  of  10  pounds  at  full  throat.  Tho  other  alternative 
for  holding  the  lateral  translation  to  a lew  level  would  be  to  yaw  the  vehiole 
into  the  wind.  It  was  decided  that  if  the  vehiole  eould  be  flown  in  the 

?resenoo  of  a cross wind,  with  the  heading  of  the  vehiole  adjusted  so  that 
he  operator  always  faced  his  objective,  and  it  could  be  shown  that  no  large 
heading  errors  developed,  then  it  oculd  be  ooneludod  that  satisfactory 
yew  control  oxiated.  It  must  bo  reiterated  that  this  and  the  roll  etudy 
are  not  directed  primarily  at  determining  the  vehioles  applicability  in  oon- 
trolling  lateral  displacement,  but  rather  to  determine  the  system*  roll 
and  yaw  stability  when  oontrols  affecting  these  items  are  used  to  oorreot 
a perturbation  to  the  pitch  plane  flight.  Yawing  moments  are  produoed 
in  the  system  considered  by  fixing  a Jetevator  to  one  of  the  motors.  This 
jstavator  may  be  pitohed  fore  and  aft,  and  will  produce  a maximum  of  two 
pounds  of  thrust  normal  to  the  motor  axis  at  full  thruat.  Yaw  psrformanoa 
was  studied  in  a two  dimensional  trajectory  which  waa  run  on  the  IBM  610. 
Motion  was  confined  to  a horlaontal  plan*. 

In  keeping  with  the  oonoept  of  making  the  direction  of  the 
oontrol  movements  as  natural  ae  possible,  the  roll  control  was  so  designed  s« 
to  cause  the  vehiole  to  lean  in  the  direction  in  which  the  stick  was  tilted 
and  the  yaw  oontrol  mode  to  rotate  about  a vertioal  axis  so  that  the  vehiole 
would  rotate  in  the  direction  in  whioh  the  oontrol  was  twlatad* 

H.  SUITABILITY  OF  TJJO  DmUSOMU  STIJtY 

A free-flight  vehiole  is,  naturally,  capable  of  six  modes  of 
motion  translating  along  and  rotating  about  three  orthogonal  body  oentered 
axes*  Since  a two  dimensional  analysis  was  employed  in  the  principal  part 
of  this  study,  it  seems  desirable  to  show  justification  for  this  method  of 
anproaoh.  If  a vehiole  is  intended  to  nerform  maneuvers  corresponding  to 
Motion  in  all  six  modes,  then  a three  dimensional  study  would  be  required. 
However,  if,  as  in  the  oana  of  the  system  under  study,  flights  may  be  made 
with  maneuvers  required  in  only  a few  of  the  possible  modes  of  motion,  • 
etudy  nay  be  set  up  vit\ioh  involved  only  those  modes,  with  aooessory  studies 
made  of  stability  in  the  other  modes.  The  basis  for  this  is  ths  consider- 
ation that  if  controllability  in  the  directions  other  than  those  involved 
in  the  intended  maneuvero  is  good,  then  motion  in  these  non-maneuvering  di- 
rections Is  quite  limited  and  has  only  a minimal  effect  on  the  performanoa 
of  the  intended  maneuvers.  The  primary  object  of  the  system  being  considered 
being  to  allow  ths  operator  to  jump  over  obstacle*),  tho  flight  plan  whioh 
is  of  primary  interest  is  otic  which  lion  oomplotoly  in  tho  pitoh  piano* 
Accordingly,  a two  dimensional  analyoia  his  boon  evolved  to  mn thematically 
represent  flight  in  the  pitoh  plans.  This  study  has  boon  programmed  and  run 
on  an  IBM  70U  digital  computer.  The  development  of  tho  enuntions  of  motion 
le  quite  lengthy  and  has  been  inoluded  separately  in  tho  nnpendix.  The 
equations  of  motion  employed  for  the  yaw  and  roll  studies,  being  basloslly 
simplifications  of  ths  pitoh  plsns  equations  of  motion  are  not  detailed  ‘ 
herein. 
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I.  OP^UTOH  LOGIC  IN  TH«!  PITCH  PIANB 


Considering  flight  in  the  pitoh  piano,  wo  find  six  please  of 
date  which  are  of  oonoom  to  the  operatori  vertical  position,  vertical 
velocity,  horizontal  position,  horizontal  velocity,  pitoh  inclination,  nnd 
pitoh  rate,  It  may  be  expected  that  any  one  of  these  or  any  combination 
of  these  items  may,  at  any  time  during  the  flight,  differ  from  the  values 
which  the  Operator  desires  to  maintain.  If  only  a single  one  of  theea 
items  varies,  the  correction  to  be  made  is  obvious,  both  to  the  operator  end 
the  analyst.  Unfortunately,  it  must  bo  expected  that  several  of  these 
errors  will  require  correction  at  once.  The  oorreotione  required  by  these 
several  simultaneous  errors  may  be  incompatible,  Therefore,  In  performing 
thie  type  of  study,  it  is  required  that  predictions  ba  mode  as  to  the  order 
of  importance  assigned  by  an  aotual  operator  to  the  several  oonourrent 
errors. 


One  basic  assumption  which  may  be  mude  ie  that  the  operator 
will  be  more  conoarnod  with  personal  safety  than  with  satisfying  the  mission 
requirements.  The  mission  requirements  conoem,  basically,  only  a change 
in  position.  Safety  requirements  may  ba  though  of  ae  being  conoernSd  with 
rates  as  a function  of  position,  It  may  be  expected  that  the  primary  oonoarn 
of  an  aotual  operator  would  bo  to  keep  his  downward  velocity  to  a safe  level, 
In  this  study,  a value  of  20  feet  per  second  has  been  chosen.  Considering 
the  weight  of  the  pack,  thie  velocity,  which  is  equal  to  approximately  a 5 
foot  free  fall,  aeema  a good  approximation  of  the  maximum  safe  impact 
velocity.  Since  ha  could  decelerate  while  descending,  this  leaves  the 
operator  with  some  safety  margin  if  this  velooity  is  attained  at  a distance 
above  the  ground.  As  will  be  seen  Inter,  the  free  flight  altitude  range 
for  the  system  chosen  is  quite  limited,  so  that  other  factors  affect  the 
vertical  velooity  before  tho  design  limit  speed  io  reached.  It  should  be 
mentioned  that  a lorio  branoh  exists  at  the  boginning  of  the  computer  sim- 
ulation of  the  operator’s  logic  which  unconditionally  instructs  him  to  out 
baok  thrust  if  ho  pltohos  more  than  90°  from  vertical  so  that  tho  downward 
aooelorction  is  minimised.  This  will  also  need  to  be  a learned  response 
on  the  part  of  the  actual  operator. 

It  would  at  first  appear  that  the  operator  might  be  mora 
concerned  with  pitoh  oriontation  than  with  pitoh  rate.  How over,  it  will 
be  oeon  from  the  moults  of  the  study  that  the  angular  aoeolerntions  whioh 
must  bo  available  to  the  operator  in  order  to  perform  a mission  are  so  high 
that  the  operator  must  le  rn  to  rnopond  to  pitoh  rate  before  pitoh  orientation 
in  order  that  the  pitoh  osoillatlons  of  the  system  not  be  divergent,  Sinoe 
it  may  be  prodioted  that  tho  operators  would,  of  himoolf,  consider  remaining 
upright  as  his  primary  safety  consideration  (except  for  tho  maximum  downward 
velooity  consideration,  which,  aa  mentioned  ear liar,  dooa  not  anter  for .a 
vehiole  with  the  performance  of  that  considered  here,  and  tha  oompulaory 
thrust  reduction  for  pitoh  angles  over  90°  in  whioh  oase  the  operator  is 
in  unoorraotable  trouble  anyway),  we  may  oonsidar  that  tha  ltarnad  pitoh  rate 
response  will  be  the  primary  oontroi  rsaotion  both  during  an  aotual  flight 
and  in  this  study. 
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A maximum  upward  velocity  should  bo  opacified,  sines 
duration  is  short  and  ths  onorntor  should  not  bs  put  in  the  position  of 
rising  so  fast  that  ho  is  unable  to  halt  his  upward  velocity  and  roturn  to 
ths  ground  before  his  propellant  is  expended*  A maximum  upward  veloe&ty 
of  20  feet  per  seeond  vms  chosen  for  this  study.  It  wss  found,  however, 
that  ths  system  capability  in  aueh  that  oxcesnive  upward  velocity  will 
not  be  a problom  for  flights  across  fairly  level  ground* 

A maximum  horlsontal  velocity  should  be  opeoified,  again 
to  avoid  placing  the  operator  In  the  position  of  having  insufficient  pro- 
pellant to  deoelerate  to  ft  safe  landing  speed.  A value  of  30  feet  per  seoond 
w»s  selected  for  this  study,  and  this  appears  to  be  a reaaonablo  value  for 
test  purposes* 


The  safety  considerations  mentioned  may  be  represented 
by  the  logio  network  of  Figure  2*  This  figure  diagrams  only  those  testa 
whloh  the  operator  would  make  in  the  interest  of  flight  safety  in  the  pitch 
plane, 


2*  Mission  Requirements 

Next  to  be  oonsidered  ere  the  testa  which  the  operator 
must  make  to  satisfy  mission  requir omenta*  As  mentioned  previously*  these 
oonoern  mainly  changes  in  position*  An  attempt  has  boon  made  to  write  the 
program  in  such  a way  that  the  flight  path  which  ia  computed  duplicates  as 
closely  as  possible  that  whloh  would  be  followed  by  the  aotual  operator* 

Thie  involves  the  introduction  of  maneuver  commands  in  the  program  at  suoh 
a time  as  the  equivalent  thought  might  bo  exoeoted  to  oome  to  the  aotuftl 
operator.  This  process  Is  illustrated  in  Figure  3*  Assuming  that  the  operator 
has  selected  a target  point  and  a cruise  altitude,  hie  first  deoislon  would 
be  to  rise  from  the  ground.  This  decision  is  represented  by  setting  the 
first  required  altitude  (hrQ)  to  the  cruise  altitude  and  the  first  required 

horliontal  displacement  (x  ) to  aero.  After  the  operator  has  risen  several 
feet  (to  altitude  he),  he  would  wake  the  decision  to  translote  toward  the 
target  point,  This  is  represented  by  setting  x_  equal  to  x^«,  the  range  of 
the  target  from  the  takeoff  point*  'turn  the  operator  receives  the  information 
that  his  x position  is  in  error,  he  sets  Ills  required  pitch  orientation  euoh 
that  he  will  translate  toward  the  target*  For  a thrust  of  310  poundu,  and 
a weight  of  280  pounds,  it  is  found  that  the  thrust  axis  may  bo  pitched  2$,lr 
from  the  vertical  and  the  vertioal  component  of  the  thrust  will  be  equal  to 
the  weight,  It  is  oonsidered  desirable  that  the  tturust  axis  inclination 
in  flight  does  not  exoeed  this  value*  Since  a maximum  pitoh  orientation 
error  of  15°  was  set  as  an  achievable  goal  for  the  vehicle,  a design  pitoh 
angle  for  cruise  of  10°  was  arrived  at.  Thus,  when  the  operator  raoeived  the 
information  that  xp  la  considerably  greater  than  his  pressnt  position,  x,, 

he  sets  his  required  pitoh  angle,  to  +10°,  and  attempts  to  hold  this 

sngls* 
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mOR  JUDGMENT 


J. 

At  this  point,  sons  discussion  apropos  to  threshold  values  of 
•rror  sensing,  and  judgment  adeuraoy  is  in  order*  Tests  of  several  indivi- 
duals indicated  that  over  distances  on  the  order  of  10  to  100  feet,  the 
dlstanee  oould  be  estimated  within  approximately  2025*  This  figure  is  con- 
servative since  distances  were  estimated  as  a number  of  feet  whioh  involved 
estimation  of  both  the  distance  and  the  length  of  a foot*  However,  it 
was  decided  that  this  conservative  figure  would  be  used  in  preference  to  data 
presented  in  the  literature  whioh  indicated  extremely  email  errors  in  distance 
estimation  under  carefully  Oontrolled  laboratory  eondi tLone.  It  was  felt  that 
it  would  be  unrealistic  to  employ  this  data  in  a synthesis  of  eotunl  flight 
conditions*  This  was  taken  to  indioate  that  if  an  operator  with  only  visual 
reference  to  a textured  ground  plane  attempted  to  hold  a oonstent  altitude, 
he  would  become  cons  clous  of  an  altitude  error  when  he  had  departed  by  20% 
from  the  desired  altitude*  In  Figure  3 this  is  indicated  by  the  two  lines 
h„  + K.h  and  h„  - K,h  whioh  bracket  the  desired  altitude  h„  » Thus* 
ro  1 r0  1 *o 

we  would  expect  the  operator  ai  long  as  ho  was  between  the  two  bracketing 
34nes,  would  consider  himself  to  be  st  altitude  hr  . Several  further  ex- 

o 

trepolatlons  have  been  made  from  this  data  to  generate  other  portions  of 
the  mathematical  definition  of  the  operator.  Though  those  extrapolations 
art  largely  intuitive,  it  is  felt  that  they  are  of  sufficient  aoouraoy  to 
be  useful  in  this  study*  One  extrapolation  is  that  ths  operator  is  oonsoious 
of  not  being  dirootly  over  a chosen  point  when  his  x distance  from  the  point 
is  greater  than  20%  of  his  altitude  above  the  point  in  question*  Ths  othsr 
extrapolation  is  that  when  the  operator  is  some  distance  from  a target 
point,  his  error  in  the  judgment  of  horisontal  range  la  equal  to  20%  of 
the  slant  range  to  the  target.  Although  some  data  was  found  whioh  indloatsd 
that  smaller  values  would  be  deteotible,  it  is  assumed,  to  be  conservative 
that  the  operator  was  oonsoious  of  motion  when  his  velocity  exceeded  0*2  feet 
per  seoond  per  foot  dlstanae  from  his  reference  point. 

In  developing  the  analog  of  the  braking  dietanoe  estimation, 
several  assumptions  wore  made* 

First,  it  was  assumed  that  the  operator  had  been  trained  in  a 
tethered  rig  so  that  he  was  oonsoious  of  ths  horleontnl  deceleration  rets 
of  the  vehicle  when  pltohed  book  to  tho  design  angle  of  10°,  And  with  the 
thrust  at  both  the  maximum  and  idle  levels*  He  was  also  assumed  to  be  familiar 
with  the  vertioal  deceleration  rntos,  both  Mien  an  upward  veloolty  was  being 
reduced  with  the  thrust  out  baok  to  idle,  end  when  a downward  vslooity  was 
being  reduced  by  applying  full  thrust* 

Seoondly,  the  assumption  was  made  that  the  operator,  in  the  event 
that  the  thrust  was  at  neither  the  maximum  or  minimum  setting  would  make 
his  braking  estimations  on  tho  basis  of  whiohsvor  one  of  thsss  stops  the  throttle 
was  baing  moved  toward  ainoa  he  would  sxpsot  that  ths  thrust  would  bs  at  that 
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1ml  in  a fraction  of  a seeond*  If  the  throttle  were  being  held  in  a con- 
stant position,  it  waa  assumed  that  the  exiat&nt  thrust  would  be  used  in 
these  computations* 

Also  assumed  was  that  the  operator  knew  his  velocity  exactly  and 
the  distanoe  to  the  point  at  whioh  he  intended  to  stop  to  an  accuracy  of 
20 $ of  the  slant  range*  The  operator  was  assumed  to  over-estimate  the  dis- 
tance whioh  made  the  study  conservative  since  it  was  expeotod  that  reversing 
direction  would  require  more  propellant  than  oorreeting  an  undershoot*  The 
operator  was  also  assumed  to  know  his  vertioal  range  to  the  desired  altitude 
within  20 t of  his  own  altitude*  the  error  being  again  on  the  overeetimatlon  , 
side* 

K.  D^PARTUR*:  OP  PRTOTCT*D  PROM  ACTUAL  PTOORMANCR 

It  may  be  seen  that  the  possibility  exists  that  considerable 
aocurtoy  in  predicting  aetual  flight  paths  was  lost  through  this  series  of 
assumptions t however*  the  prediction  of  vehicle  stability  is  not  affected 
ainoe  this  is  concerned  primarily  with  attitude  and  angular  rates*  The 
trajectories  determined  differed  from  the  expected  actual  trajectories  mainly 
in  the  alpC  of  the  overshoot  predicted  upon  landing*  The  interpretation  to 
be  placed  upon  the  results  lngagdng  horisontal  range  capability  is  that  they, 
aotually  represented  attempted  flights  over  somewhat  different  distances 
than  those  specified  in  the  computer  problems*  Sinoe  none  of  the  assumptions 
appear  greatly  unrealistic*  it  la  recommended  that  the  target  missions  for 
prototype  vehicles  be  held  within  the  range  of  the  computed  trajectories 
until  considerable  frse  flight  data  has  bton  obtained  so  that  oomp  rlson  may 
be  made  with  the  oomputed  results*  It  should  bs  borns  in  mind  that  tha  tsat 
pilot  will  hive  to  bs  given  instructions  and  ground  twining  in  the  oparation 
of  the  vshiols*  and  if  tha  training  is  suoh  that  the  operator  will  perform 
the  horisontal  braking  manauver  using  the  rules  assumed  for  the  study*  then 
the  aotual  flight  will  be  quite  similar  to  tho  oomputed  flight*  The  dif- 
ference will  come  in  when  the  operator  is  allowed  to  deviate  from  the  ri^ld 
•et  of  flight  rules.  This*  being  a rather  important  point,  should  be  dis- 
oussed  in  some  detail* 

It  le  assumed  that  the  operator  will  attempt  to  brake  his  forward 
veloolty  be  pitohing  back  to  the  design  angle  of  -10°  and  attempting  to 
hold  this  angle*  Sinoe  the  operator  will*  oonourrent  with  the  horisontal 
braking*  start  his  dssosnt*  on  aotual  oporator  will  in  all  likelihood  ds- 
termins  that  he  may  inorease  his  horisontal  braking  bv  pitching  further 
backward.  The  reason  for  the  dosign  pitch  angle  as  seleoted  of  10°  was 
to  make  available  to  the  operator  at  all  times  a vertioal  thrust  component 
greater  than  his  w sight.  An  actual  oporator*  reasoning  that  ho  requires 
for  a period  of  time  a smaller  amount  of  vertical  thrust  and  desiring  to 
inorease  his  horisontal  deceleration  will  bs  sorely  tempted  to  temporarily 
inersass  his  backward  pltoh.  This  would  obviously  make  a grantor  horisontal 
thrust  component  available  and  decrease  the  overshoot* 
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It  has  been  mentioned  that  a thraahold  value  for  aenaing  the 
preaenoe  of  a velooity  vaa  defined*  The  object  of  this  is  to  inolud#  the 
analog  of  a pilot  Judgement  to  the  effect  that  if  it  appears  to  the  operator 
that  hie  position  is  correct,  then,  when  he  senses  a velocity  tending  to 
oarry  him  away  from  this  position  he  will  apply  the  appropriate  control  force 
to  resist  this  motion* 


I*  OHUISS!  ALTITUDE 

Returning  to  the  desorlption  of  the  flight  plan,  the  operator 
has  aeleoted  a pitch,  angle  of  +10  degrees  for  oruiao  and  attempts  to  hold 
this  value,  Experiment  has  shown  that  a man  can  sense  a deviation  from  the 
vertical  of  as  little  as  0*8  degrees.  To  be  conservative,  it  was  assumed 
that  the  operator  was  able  to  sense  a 3 or  greater  deviation  from  his  de- 
sired pi ton  orientation*  He  would  therefore  react  to  oorreot  his  pitch 
angle  when  it  beoame  greater  than  13°  or  less  than  7°,  As  mentioned  pre- 
viously, the  operator  must  be  trained  to  respond  to  pitoh  rate  before  pitoh 
angle,  and  it  was  assumed  for  this  study  that  the  operator  allowed  a nuudmum 
pitoh  rate  of  10°  per  seoond*  Higher  values  were  investigated  but  performanoe 
deteriorated  rapidly  as  the  allowable  pitoh  rate  was  increased* 

The  operator  will  oontlnue  to  aooelerate  forward,  holding  his 
pitch  angle  near  10°  end  his  altitude  near  the  desired  value  until  he  either 
reaches  the  maximum  allowable  oruiae  velocity  or  the  point  at  whloh  ha  electa 
to  initiate  braking  to  atop  abovs  tho  target  point*  If  he  rouohos  hie 
maximum  oruiae  velooity.  he  will  set  the  desired  pitch  angle  to  0 , end 
if  he  exaeeda  it  to  -10°.  If  he  eleota  to  commence  braking  he  will  set  the 
desired  pitch  angle  to  -10°.  Upon  reaching  a point  whioh  the  oporutor  con- 
siders to  be  above  the  target,  hr,  the  required  altitude  le  set  to  aero. 

The  operator  now  attempts  to  stay, within  his  ability  to  judges  above  the 
target  point  as  he  deeosnda* 

M.  LAUDING  ROUTINE 

The  operator's  logic  in  sffooting  s landing  is  depicted  in 
Figure  b*  Assuming  that  the  vertioal  velooity  is  downward  but  lost  not  ex- 
oeed  the  allowable  downward  velooity,  |yte  | , the  operator  teste  whether 

he  desires  to  land  (U.  Ha  >0  ? ),  If  ho  does,  ht  tests  whether  his  horizontal 
velooity  ( V* ) is  axoeeslve*  The  allowable  horizontal  epeod  when  landing 
(V«,  ) was  set  equal  to  the  speed  whioh  it  was  expected  the  operator  could 
run  ati  v A foR'a'iMUI  * 20  P*r  a#c°nti<v*  ^ ■ 10  feet  per  second,  Sinoe 

the  study  ooneldered  oafety  as  more  important  than  performance,  it  was  fait 
that  the  conservative  sense  of  the  estimation  of  velocity  would  be  the 
underestimation  of  velooity*  Accordingly,  the  teat  is  whether  V|  ^ - 

Kgh  jronWAnD  + where  Kj  is  equal  to  0.2  ft/soe/ft  nltitude 
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and  la  tha  aama  ooeffioient  aa  that  used  in  tha  aarliar  taat  of  whether  any 
valooity  vaa  ap pa rant.  If  tha  horiaontal  valooity  is  excessive,  tha  oparator 
inoraaaaa  thrust  to  postpone  tha  landing.  If  tha  horicontaX  valooity  ia 
within  the  allowable  range,  the  oparator  toata  to  see  if  ha  ia  within  tha 
speoiffcd  horiaontal  distance  from  tha  desired  Xanding  point.  This  distance 
is  defined  as  4VX  * in  Figure  ti#  and  tha  judgment  toXeranoei  K^h  is  applied 

to  it*  If  the  operator  detormines  that  ha  is  not  within  the  range  l'**"*!*^* 

* Kt H , he  increases  thrust  to  forestall  landing*  If  it  is  determined 
that  he  ia  within  the  range*  he  next  considers  his  pitch  orientation  and 
pitch  rate*  If  they  are  in  opposite  directions,  his  pitch  conditions  are 
judged  satisfactory  for  Xanding  and  the  approach  to  the  ground  May  be  con- 
tinued, If  ft  and  ft  art  not  in  oppoait#  directions,  the  next  step  in  the 
program  is  to  test  whither  both  ars  taro*  (This  test  ie  neCeeaary  to  the 
computer  logic,  at  this  point  in  tha  program.  The  or'er  of  decisions  is 
somewhat  different  from  that  in  which  they  would  be  mads  by  an  aotual 
operator,  but  the  end  result  is  the  same)*  If  both  ft  and  p arc  aero,  tha 
descent  may  bt  oontinuad.  If  tha  vdLua  of  aithar  ia  not  aaro,  it  la  tested 
to  sea  if  it  axoaada  the  allowable  landing  values  (a  pitoh  orientation  of 
1/2  radian  or  leae  was  assumed  allowable  et  landing,  the  test  being  whether 
1 Ift | > fli  ).  The  allowable  pitoh  rats  at  landing,  p*  , was  assumed  to  be  1 
radian  per  second*  Both  of  these  values  are  larger  than  those  allowable 
in  flight,  but  they  will,ooour  during  control  transients*  If  these  tests 
are  reached,  both  ft  and  ft  ara  in  the  same  direction,  or  one  of  them  ia  sero* 
In  either  oase  the  required  direction  of  oontrol  defleotion  for  one  would 
be  the  same  aa  that  for  tha  other  if  it  ia  non-sero*  If  these  tests  indl- 
oats  that  a oorraotion  la  required,  the.  operator  tests  whether  the  pitoh 
oontrol  at  tha  time  is  defleotsd  in  the  required  direction*  If  it  ie,  he 
inoreaaee  the  thrust  to  assist  in  making  tha  oorraotion}  if  not,  he  simply 
oontinuaa  tha  landing  aequenoa*  This  series  of  testa  is  oontinuad  until  a 
landing  la  affected,  concluding  the  flight* 

N.  ROLL  AND  YAW  LOOIQ 

The  oomputer  logic  for  the  study  of  motion  a‘>out  the  roll  aids 
is  similar  to  the  logio  employed  for  the  study  of  motion  about  the  pitoh 
axis*  The  logio  of  the  yaw  control  study  deports  somewhat  from  tho  pitoh 
and  roll  logio.  The  required  orientation  was  spooified  to  be  one  in  whioh 
the  operator  fuoed  the  target  vdth  an  additional  test  being  made,  whioh 
over-rode  the  othere,  to  aseure  that  the  yew  r its  with  resneot  to  the  ground 
wee  not  exoeeelve  (a  maximum  allowable  rate  of  1 radian  per  seoond  was 
assumed  for  thia  study), 

O.  MODEL  0PF3UT0R 

The  phyaloal  characteristics  of  a typical  operator  were  defined 
for  the  oomputer  study  end  appear  in  Section  II,  Refer  noe  1*  The  relation- 
ship of  physical  oharaoteristios,  auoh  as  locations  of  the  center  of  gravity 
and  momenta  of  inertia,  to  the  equations  formulatod  for  the  oomputnr  study 
will  be  described* 
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Th«  model  operator  was  assumed  to  be  a quosi-rigid  body 
oonpoaed  of  two  rigid  components  hinged  together*  The  components  represent 
the  upper  and  lower  parts  of  the  operator's  body  and  tho  .hlngq  represente  the 
hip  joint  (Picture  £)«  The  weight  of  the  upper  body  is  95*2  pounds  and  tho 
weight  of  the  legs  ie  6h» 8 pounds.  Tho  distance  from  tho  operator's  heels 
to  the  hip  pivot  point  is  39*$  inches.  A SRLD  is  pi  oed  on  the  operator's 
baok  whiohj  it  is  assumed,  weighs  75  pounds  empty  and  is  eapfcle  of  oontoining 
h?  pounds  of  fuel* 


The  location  of  the  C.O*  of  the  man-machine  combination  is 
dependent  upon  the  looation  of  the  individual  C.O, *s  of  the  operator  and 
SRLD  at  a given  time*  The  C.O*  of  the  man-maohine  combination  for  the 
initial  and  burnout  condition  ia  shown  In  Figures  6 it  7,  Figure  6 indicates 
the  looation  of  the  0*0*  for  the  SRLD  and  upper  body  for  a full  and  ampty 
fuel  tank*  The  C.O*  of  the  leg  ia  alto  shown  to  bo  located  17  inohei 
beloW  the  hip  pivot  point,  whioh  corresponds  to  the  dlstanoe  r,  illustrated 
in  Figure 2 , Appendix  A, 

The  looation  of  the  combined  upper  0.0.  of  the  body  end 
SR1J3  ie  plotted  an  funotion  of  fuel  consumed  in  Figure  7*  Beoauae  of  the 
unique  ehepe  of  the  fuel  tank,  the  looation  of  this  composite  C.O,  Will 
shift  laterally  to  one  aide  of  tho  vortical  oenter  line  nnd  baok  again 
aa  fuel  is  consumed*  Thin  phenomenons  illustrated  in  Figure  8. 

ments  of  Inertia  for  the  Man-Maohine  Combinatio 


Momenta  of  inertia  about  tho  pitch,  yaw,  and  roll  a»aa 
for  the  oompoalte  of  the  upper  body  and  SRLD  in  the  loaded  and  empty  conditions 
and  the  legs  were  oomputod.  Results  art  tabulated  below. 


MOMENT  OF  INTOTIA,  SLUG  FT 


Upper  body  end  SRLD 

Pitch 

Yaw 

Roll 

Propellant  Tsnk  Full 

3.30 

1.7? 

3.61 

Upper  Body  and  SRLD 

Propellont  Tank  Empty 

2»7h 

1.31 

3.1b 

Lsgs 

2.26 

0.21b 

2.  hO 
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lu  Centera  ofJPrgaiurt  and  Body  Dr 

The  looatlon  of  tho  centers  of  pressure  (O.P.)  for  tho 
upper  body  end  lege  ere  illuatrated  in  Figure  $»  A flat-plate  analogy  wee 
assumed  for  eomputing  the  locations  of  C.P,  and  the  drag  forces,  and  Dg 

and  D,  shown  in  Figure . h»  Appendix  A,  were  computed  as  desorlbed  in  Referenoe  3* 
The  drag  factors,  f^,  fg,  and  f^  appearing  in  the  equations  on  Page  10, 

Appendix  A,  were  oomputed  to  he  0.002,  0.005,  and  0.003  respectively. 

P,  FLIOHT  WNAMIC3  WITH  MOVINQ  CKNTTO  OF  ORAVITY 

The  firot  aeries  of  flights  oonsidered  were  "on  design"  flights 
with  no  perturbations  due  to  winds,  body  contortions,  thrust  loss,  sto.  Ths 
method  of  approsoh  uaad  was  to  datamdna  a oontrol  gaometry  whioh  allowad 
stable  flight  with  the  operator  and  ayatam  oapA ill ties  as  defined.  Varioua 
oontrol  geometries  wars  tasted,  with  the  intent  of  produoing  a flight  of 
100  foot  length  at  a 30  foot  oruise  altitude.  However,  the  first  group  of 
flights  was  unsatisfactory,  a trajectory  typical  of  this  group  being  that 
shown  in  Figure  9»  Hart,  the  vehicle  flaw  baokwards  for  almost  500  fast, 
with  ground  Impact  ooouring  at  vertical  and  horisontal  velocities  of  27  end 
28  fset  per  second,  respectively,  The  onerutor,  during  the  first  portion 
of  the  flight,  evidenced  an  inoapability  of  holding  a forward  pitoh  orien- 
tation. Later  in  the  flight  the  problem  changed  with  tho  operator  pitohing 
further  forward  at  each  pitch  oscillation.  Investigation  showed  that  the 
problem  was  orsatod  by  the  shift  in  0.0.  aa  propellant  wee  consumed.  As 
stated  earlier,  it  wae  considered  necessary  that  the  range  of  motor  defleotion 
in  pitch  breeket  the  entire  range  of  0.0,  travel.  A pivot  position  directly 
above  the  0,0.  looatlon  with  the  propellant  half  expanded  was  selsoted  to 
minimise  tho  motor  torque  aoymmetriee.  This  is  obviously  only  a compromise, 
with  asymmetries  still  present.  The  motor  was  positioned  11  inohos  abovs 
the  mean  C.O.  for  the  trajectory  illustrated  in  Figure  ?,  The  limits  of 
the  motor  pitoh  travel  were  plus  and  minus  8°.  (Later  studies  Indicate  that 
these  are  near  optimum  values),  Ths  operator  impaoted  at  a pitch  angle  of 
83°  for  the  case  under  diaoussion.  The  small  figures  super-imposed  on  the 
figure  show  the  pitch  orientations  at  the  peaks  of  the  pitoh  oscillations, 

The  pitoh  angle  (p),  pitoh  rate  (p),  and  motor  deflection  angle 

during  the  final  thrae  seconds  of  the  flight  are  plotted  versus  timp  in  Figure 
10.  Aa  oan  be  seen  by  comparing  the  slopes  of  the  portions  of  the  p ourve 
corresponding  to  positive  and  negative  motor  deflections,  the  angular  accel- 
eration due  to  the  motor  being  deflected  to  * 8°  ia  considerably  higher 
than  that  due  to  a deflection  of  -8°,  Sinoe  the  operator  was  operating  the 
controls  in  reaponae  to  exoeaa  pitoh  rates,  with  equal  reaction  time  and  oon- 
trol force  in  both  directions,  there  is  considerably  more  overrun  of  the 
pitoh  rate  magnitude  in  the  forward  pitohing  direction,  oaueing  the  mean 
pitoh  rato  to  be  forward.  Thin  results  in  a divergence  of  p with  time. 
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\ Sinoe  the  configur  tlon  of  the  eyetem  does  not  allow  the 

horlsontal  thrust  component  to  be  controlled  In  a manner  completely 
Independent  of  pitoh  orientation,  control  of  horiaontal  position  and  velocity 
| * is  lost  if  the  operator  is  unable  to  dequately  control  his  pitch  orients* 

; tlon*  The  flight  depicted  in  Figure  9 illustrates  the  point.  During  the 

: first  part  of  the  flight,  the  operator  was  able  to  rotain  some  degree  of 

i control  of  pitch  orientation  in  that  the  pitch  angle  did  not  diverge. 

( However,  he  was  unable  to  maintain  sufficient  control  of  pitoh  orientation 

l to  allow  him  to  hold  the  system  in  the  pitched  forward  altitude  required 

for  forward  translation,  and  the  large  translation  backwards  resulted. 

Q«  ALLOWABLE  FITCH  RATE 

I The  maximum  allowable  pitch  rate  was  set  at  10  degrees  per 

I seoond*  It  was  found  that  a larger  rate  (20°/seo  was  tested)  lead  to  loss 
I of  control  in  the  first  pitoh  oscillation.  A smaller  value  (!>  seoond  was 
tested)  caused  the  same  type  of  divergence  as  was  exhibited  in  Figure  10 
and  was  felt  to  be  less  satisfactory  than  lOysoo  sinoe  it  required  that 
the  time  during  whioh  a pitoh  control  setting  was  held  be  less  than  the 
operator's  reaotlon  time  (and  was  possibly  too  small  to  be  observable). 

R.  SOLUTION  OF  C.Q.  SHIFT  PROBLEM 

There  are  two  possible  solutions  to  the  C.O.  shift  problem, 
either  by  designing  the  system  so  that  the  C.O.  shift  is  along  a vertioal 
line  (this  may  ba  aocompliahtd  by  using  a chair-like  vehiola  with  tha  fusl 
! tank  banaath  the  seat,  but  the  weight  increase  would  make  thia  impraotloal), 

> or  by  having  the  operator  trim  out  the  C.O,  by  moving  his  lege*  The  latter 

alternative  was  aeleoted  as  being  more  preotiosl  and  tha  leg  motion  required 
waa  determined.  It  was  found  that  the  lege  would  have  to  be  bent  forward 
from  the  hip  12.6°  at  launoh,  and  gradually  moved  to  the  poeition  of  bent 
baok  23.3°at  the  knees  at  burnout.  Thia  ia  a reasonable  rang*  of  lag 
motion  whioh  a raal  operator  would  be  capable  of  effecting.  It  would  be 
neoeeenry  for  the  potential  operator  to  learn  this  C.O.  trimming  motion 
before  free  flight  teats  were  attempted.  A synthesis  of  this  trimming  was 
added  to  the  pitch  plane  program  and  further  trajectories  were  run.  The 
teaults  of  these  runs  are  disoussed  in  Section  U, 


s 
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3.  THROTTLE  LINKAGE 

The  maximum  and  minimum  thrust  levels  having  been  previously 
ohosen,it  was  necessary  to  next  dotermine  throttle  linkage  geometry  whioh 
was  oompatlble  with  performance  end  safety  requirements,  and  with  sound 
meohanioel  design  praotloa,  The  propellant  flow  control  volv.es  whioh  were 
investigated  exhibited  high  damping  whioh  made  rapid  operation  difficult. 

For  this  reason  it  was  deoided  that  tha  operator  should  be  provided  with  a 
high  meohanioal  advantage  in  the  thrust  netting  range  which  would  be  used  in 
flight,  A large  angular  motion  may  be  achieved  by  the  operator  if  s twist 
grip  ia  provided,  Additionally,  if  a detent  le  provided  to  koep  the  thrust 
from  dropping  below  the  idle  setting,  onoe  the  throttle  has  been  opened  this 


Page  1? 


rrmrrrTimrt  i irrliri — n~n  r.'i,  sua 


■ far*  the  operator  nay  reposition  hia  hand  after  bringing  the  thrust  up  to 
***»••  It  waa  determined  that  tha  throttla  valva  would  have  to  ba  opanad 
75^  to  bring  tha  thruot  up  to  tha  idle  value,  with  the  other  15°  of  rotation 
bringing'  tha  thrust  up  to  the  maxitnum  value*  A practical  oon  actuated  control 
ayaten  could  be  built  which  effeoted  the  first  75°  of  throttle  opening  with 
station,  and  the  final  15°  of  throttle  rotation  with  an 
additional  50  of  control  rotation*  This  would  provide  an  average  raaohanioal 
advantage  in  tha  flight  operation  range  of  thrust  setting  of  3*33 tl.  Tha  asm 
whioh  was  designed  had  thrust  variation  with  control  netting  in  tho  flight 
range  as  depicted  in  Kiguro  11.  Starting  with  thin  contour,  different  spring 
and  damping  rates  for  tha  oontrol  lever  wore  studied*  It  was  determined 
that  the  operator  would  be  eapable  of  providing  approximately  3 foot  pounds 
of  torque  to  the  oontrol  (Reference  1)  and  the  moment  of  inertia  of  the 
rotating  components  waa  estimated  to  be  ,05  slug-feet  squared.  It  was  found 
through  study  of  a series  of  oomputed  altitude  approach  trajectories  with 
varied  oontrol  parameter!  that  tha  operators  altitude  holding  capability 
improved  as  the  damping  and  op ring  rates  were  redueod*  High  damping  resulted 
inflow  throttle  oontrol  with  attendant  large  ovorohoota  of  the  desired 
altitude.  The  damping  was  eventually  completely  removed.  It  waa  determined 
}&*  when  a strong  spring  waa  inoluded  in  the  eyotam  to  olooe  the  throttle, 
the  capability  of  the  operator  in  approaching  the  deal rod  altitude  from  below 
and  stopping  at  the  dssired  altitude  was  improved,  but  that  his  approeoh 
performance  in  descent  deteriorated.  It  waa  finally  dotarmined  that  the 
only  spring  that  should  be  provided  wee  a light  one  to  return  the  oontrol 
to  the  idle  setting  when  the  control  was  released.  This  Is  considered 
desirable  from  a safety  standpoint,  ainca  if  the  operator  should  find  oause 
to  temporarily  release  the  controls  during  flight,  the  minimum  of  attitude 
perturbation  due  to  thrust  moments  would  result  at  idle  (it  is  oonoidored 
undesirable  to  allow  the  motor  to  shut  down  during  flight,  though  this 
of  oouree,  would  result  in  aero  thrust  torque).  The  control  motion  for  the 
system  selected,  is  defined  by  the  equation! 

M - K 0 - J £2- 

- dv 

where  Mis  the  applisd  moment  (plus  or  minus  3 foot  pounds  or  aero),  K is 
th«  spring  ootfficiont  (.15  foot  pound®  par  radian)*  0 is  tho  oontrol  * 
djfltotion  in  radians  ( *871*  minimum*  It7u8  maximum)*  J is  tha  polar  momsnt 
;?!r;U  V0?  “lws  squared),  and  t is  time  in  seoonde.  The  contour 
or  the  oam  designed  provided  the  thrust  variation  shown  in  Fiirure  11,  The 
aquation  of  thie  curve  is 

Thrust  (pounds)  -47.55  92  + 273.3  0 -52.6 
(9  in  radians) 


rtf*. ;■  *; >•  V*-  4 V' \4-  ..A  —W 


Pago  20 


It  may  be  expected  that  the  beat  performance  in  altitude  holding  will  ooour 
when  the  available  upward  and  downward  aoaeleration  rates  are  equal.  The 
most  orltioal  altitude-velocity  control  problem  exists  at  landing.  Since 
it  may  be  expeoted  that  flights  would  be  eonduoted  for  near  total  propellant 
duration,  the  earlier  thrust  level  ohoioos  are  fortuitous  since  the  system 
weight  at  burnout  would  be  halfway  between  the  idle  and  full  thrust  levels 
thus  making  the  upward  and  downward  aooele rations  equal. 

It  was  determined  through  analysis  of  trajectory  data  for  flights 
at  several  design  altitudes  and  ranges  that  after  pitoh  control  was  refined 
to  allow  good  attitude  oontrol,  the  thrust  control, as  described, allowed 
consistently  safe  flights  and  landings  with  a orulse  altitude  of  IS  feet 
being  specified.  It  was  datarmined  from  oomputed  trajectories  with  various 
values  of  h that  the  deoision  to  pitch  forward  and  translate  horiiontally 
could  be  safely  mode  when  an  altitude  as  low  as  2 feet  was  reached, 

T.  LANDTNO  3 A HUS 

It  beoeme  obvious  during  the  course  of  the  computer  runs  that 
aocuraoy  in  braking  at  a desired  horiaontal  dlapl -cement  was  quite  poor, 
and  the  originally  specified  A** , (allowable  landing  radius)  of  10  feet  was 
muoh  too  stringent  a requirement.  In  the  trajectories  in  which  this  value 
was  specified,  the  vehiole  ran  out  of  fuel  while  the  operator  was  attenpting 
to  oorraot  the  overshoot  whioh  always  occurred.  To  allow  safe  landings,  so 
that  oomplete  flights  could  be  studied,  A** * was  arbitrarily  lnoreased  to 
300  feet.  The  landing  logio  diagram  (Figure  h)  indioatos  a tost  of  the 
suitability  of  the  operators  horiaontal  position  for  landing  (is 
AK,  ♦ K^h  ? )«  The  At  i of  300  feet  prevented  the  answer  to  this  test 
from  being  "yea"  for  all  the  esses  which  were  oomputed. no  that  the  command  to 
lnorease  thrust  so  as  to  forestall  landing  in  the  event  of  a "yes"  answer 
was  always  bypassed, 

U.  PITCH  CONTROL  O’TOMTORY 

Figure  12  shows  the  thrust  veotor  deflection  in  pitoh  whioh  is 
required  to  bracket  the  C,0,  travel  as  a function  of  the  elevation  of  the 
motor  pivot  axis  above  the  hip  pivot  axis.  Since  the  type  of  gimbul  con- 
sidered oould  not  be  deflected  more  than  8°,  the  motor  pivot  axis  would  have 
to  be  et  least  9 1/2  inches  above  the  hip  pivot.  A position  17.16  inches 
tbovt  th#  hip  pivot  (11  inohea  above  tha  main  C#0#)  was  found  to  ba  daairablt 
from  a hardware  geometry  standpoint,  and  this  position  was  selected  as  a 
basis  for  atudy.  It  was  assumed  that  the  motor  rlcfleotion  was  equal  to  the 
oontrol  defleotion,  A minimum  pitoh  defleotion  of  slightly  leas  than  2° 
would  be  required!  however,  since  oneratore  will  have  varying  builds,  a 
somewhat  greater  Reflection  should  be  provided,  A ranrre  of  defleotion 
limits  of  (i  to  8 was  studied.  Supplementary  studies  performed  earlier  on 
JEM  610  digital  computer  indioated  that  the  us#  of  a return  snring, 
whioh  would  aot  as  a booster,  would  enhanoe  the  pitoh  oontrol  stability. 
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The  motion  of  tho  control,  In  returning  to  the  eentrel  position 
is  oomputed  assuming  the  spring  force  and  the  maximum  force  output  of  the 
operator  both  to  be  aotlng  on  the  oontrol.  Since  the  operator's  musoles 
have  a Umitating  rats  of  deflection,  regardless  of  load,  this  is  not  always 
the  oaee.  If  the  oontrol  deflection  rate  due  to  the  spring  alone  is  ex- 
tremely high,  the  operator  would  not  be  oapable  of  exerting  maximum  force 
in  the  direction  of  motion.  Tt  is  felt  however,  that  in  the  oontrol  con- 
figurations considered  herein,  the  deflection  rates  are  not  this  high,  As 
the  operator  discovers  that  the  control  defleotion  which  he  has  applied  has 
resulted  in  a condition  of  overoorreotion,  he  makes  a deoision  to  reverse  the 
moment  on  the  oontrol.  During  the  period  of  ItLs  reaction  time  plus  the  time 
required  to  return  the  control  to  the  neutral  position,  the  angular  aoosl- 
erstion  clue  to  his  original  oontrol  deflection  continues,  increasing  the 
pltoh  rate  in  the  direction  of  the  overoorreotion.  Adding  the  spring  reduoss 
ths  tlms  during  whioh  the  control  deflsotion  is  in  tho  wrong  direction. 

This  results  in  an  improvement  in  pitoh  oontrol.  Figure  13  shows  the  variation 
of  deflsotion  with  time  for  a oontrol  of  this  tvos.  It  was  assumed,  in 
oomputing  this  curve,  that  the  operator  aoplisd  a positive  10  foot  pound 
moment  until  the  motor  reaohed  the  deflection  limit  whioh  brought  it  to  root 
(at  *3  aoconda)  and  than  immediately  applied  a negative  moment  of  10  foot  pounds 
until  the  other  stop  was  reached,  Ths  oontrol  geometry  illustrated  in  this 
figure  was  found  to  have  too  slow  a response  due  to  exoassivo  damping,  and 
pitch  attitude  errors  of  up  to  50°  were  noted.  Damping  rates  were  reduced 
until  satisfactory  pitoh  control  was  obtained  and  these  values  should  be 
considered  allowable  maximuma.  Th#  spring  rates  ware  adjusted  so  that  tho 
restoring  moment  due  to  the  spring  at  full  defleotion  was  just  slightly 
less  thin  the  moment  the  operator  oould  apply,  Figure  lit  illustrates  attempted 
50  foot  flighte  et  a 1 5 foot  altitude  with  different  maximum  motor  defleotions, 
and  spring  and  damping  rates,  For  the  ease  in  Figure  Ilia  the  spring  rate 
was  11)3.0  foot  pounds  per  radian,  tho  damping  rata  was  7.50  foot  pound  seoonds 
per  radian,  and  the  maximum  defleotion  was  1),  In  Figure  ll)b,  tho  corres- 
ponding values  are  95.0,  5.0  and  6°  and  in  Figure  ll)0  they  ore  71.0,  3.75,  and 
8°,  The  magnitude  of  the  pitoh  oscillations  was  approximately  the  oamo  in 
all  three  oases,  and  there  was  no  apparent  advantage  to  any  of  the  configur- 
ations over  the  others  on  thin  basis,  In  the  oase  in  Figure  lba,  the  pro- 
pellent ran  out  before  e landing  could  be  effected,  and  landing  ocourred 
at  a forward  velocity  of  32.9  feot  per  second,  a dovinward  velocity  of  23.9 
feet  per  second,  and  a pitoh  orientation  of  -32,2  , In  ths  oaae  in  Figurs 
ll)b  landing  ooourred  at  a forward  velocity  of  21.5  ft  it  per  ssoond,  a down- 
ward velooity  of  2 feet  per  socond,  end  a pitoh  orientation  of  *9.0  , 37.8 
pounds  of  pnopellont  wore  expanded.  In  the  oaae  in  Figuro  U40,  landing 
ooourred  et  a forward  velooitv  of  .1  font  por  aoooud,  a downward  velooity  of 
8 feet  por  ssoond,  and  a pitoh  orientation  of  -2.5°.  The  pitoh  rate  at 
touohdown  was  +2b.ir  per  sooond,  This  use  the  only  case  which  completely 
satisfied  the  landing  requirements  and  was  the  configuration  uslected  for 
further  study.  The  effect  of  variation  of  tho  pivot  position  wus  investi- 
gated, the  trajeotones  being  a town  in  Figures  liio  ugh  17.  Tho  oontrol 
geomotry,  other  than  pivot  looation  is  that  selects  9,  Within  a range 
of  pivot  heights  from  li4.lt  to  17.16  inches  aboVe  tho  hi,,  pivot,  there  is 
little  dlfforenoe  in  syotem  performance.  With  a motor  pivot  height  of  12 
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inches  (Figure  17)  a landing  occurred  at  67.5  feet  which  is  quite  close  to 
the  desired  landing  point*  It  is  thought  that  this  was  rather  aeoidental 
since  the  position  control  exhibited  at  launoh  is  poor*  Landings  were 
performed, within  the  velocity  and  pitch  orientation  limits  prescribed  except 
for  the  ease  of  a motor  pivot  19*2  inches  above  the  hip  pivot*  in  which  case 
the  system  goes  out  of  control  positional se*  though  attitude  was  being  held 
well  for  the  portion  of  the  flight  which  was  computed  (Figure  16).  It  was 
decided  thnt  the  thrust  pivot  elevation  of  17* 16  inches  (11  inoheo  above 
mean  C.O. ) would  be  the  ono  oonaider  d for  the  balanoo  of  the  flights* 

This  is  the  position  used  for  the  flight  illuotrated  in  Figure  U*o,  A 
plot  of  the  pitoh  rate  and  orientation  for  several  seconds  of  this  flight 
1«  presented  ae  Figure  16  for  comparison  with  Figure  10  to  show  the  effect 
of  C.O.  trimming  through  leg  motion,  Note  that  the  pitch  angle  does  not 
diverge  in  Figure  31  thus  indicating  a stable  condition. 

A vertical  jump  was  ths  next  maneuver  to  be  studied,  The 
operator  war  instructed  to  acoelerate  upward  to  30  feet  and  then  brake  and 
deaeend.  This  maneuver  was  psrf owned  in  a safe  and  stable  manner*  though 
with  a horisontal  displacement  of  6i*,l*  feet  from  the  Intended  landing  spot, 
Touohdown  was  accomplished  with  a downward  velocity  of  5.7  feet  per  second, 
a forward  velocity  of  U.6  feet  per  second,  a pitoh  orientation  of  -16,1° 
and  a pitoh  rate  of  +7.9  degrees  per  second.  There  were  1*3.6  pounds  of 
fuel  expended  of  the  1*5  pounds  available,  and  tho  peak  altitude  of  33,2  feet 
oan  be  oonsider  d the  maximum  vertical  performance  to  be  expected  of  this 
vehiole  with  an  operator  possessing  the  capabilities  of  the  one  considered 
in  this  study.  This  flight  is  illustrated  in  Figure  19, 

V.  ABNORMAL  FLIOHT  CONDITIONS 

Sinoe  ths  oontrol  moments  available  to  the  operator  and  the 
upsetting  momenta  which  might  cause  severe  aberrations  of  the  flight  plan 
are  internal,  (the  oenter  of  pressure  is  quits  close  to  the  C.Q.  and  the 
aerodynamic  momenta  on  the  system  will  be  auite  small)  attitude  control 
la  independent  of  spatial  orientation,  and  all  that  would  be  required  to 
regain  control  of  the  vehicle,  after  the  abberation  Is  remove^  is  sufficient 
time.  The  abnormal  flight  conditions  that  may  adversely  affect  the  aocom~ 
pliahment  of  flight  objectives  aret  (1)  loss  of  attitude  control  or  judgment, 
(2)  temporary  loss  of  thrust,  (3)  unusual  contortion  of  the  body  in  flight. 

The  effect  of  each  of  these  oerturbutiens  is  to  temporarily 
cause  the  toss  of  the  vertical  thrust  component,  Sinoe  the  thrust  to  weight 
ratio  of  the  vehiole  being  oonsidered  is  quite  low,  any  downward  velocity 
whioh  aocumul  tee  during  a t firmer  ary  thrust  loss  will  take  measurable  time 
to  oorroet.  Obviously,  this  may  result  in  the  loss  of  connidernble  altitude. 

If  it  is  assumed  that  the  thrust  loos  occurs  at  a vertical  velocity  of  aero, 
that  the  initial  weight  is  enual  to  the  takeoff  weight,  and  that  the  maximum 
■afo  impact  velocity  is  20  fps,  then  the  minimum  altitude  at  which  the  vertloal 
thrust  oomponent  could  normally  b(*  lost  without  injury  to  tho  operator  varies 
with  tbs  duration  of  the  thrust  Ions  as  follows* 


Pago  i’3 


if* ’f  * +* •• 

«- ; Vjk  • v*«;  • v*  *• 


f iwyi  cylvvl  i 1 \ 1 1 ipilMU IJ I m'Tp-'-t 


I 


\ 

l( 


ft. 

Il 


? 


Initial  ATtitudg  Allowable  Duration  of  Thrust  Loss 


25 
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3.00 


4 


* With  duration  and  thrust  specified  for  the  model  SRLD  nr.d  assuming  100i< 
total  Impulse  contributes  to  vertloal  flight,,  the  maximum  altitude  attain- 
able is  flO  feet  for  a takeoff  from  and  safe  return  to  ground  level. 

The  effect  on  the  operator's  attitude  of  a violetn  body  con- 
tortion was  determined  by  computing  a trajectfry  containing  a 90°  forward 
kick  and  return  (71~ure  20),  as  detailed  in  Appendix  A.  Figure  21  illus- 
trates the  variation  of  the  onerntor'e  attitude, Body  configuration  is  super- 
imposed on  this  Figure.  It  may  ba  seen  th  t the  system  has  been  stabilised 
after  going  through  only  slightly  more  than  360°  of  rotation.  This  should 
bs  considered  s satisfactory  display  of  regaining  control,  considering 
the  magnitude  of  the  attitude  perturbation  during  the  kick.  Tho  obvious 
problem  is  the  large  altitude  loaa  (136  feot)  and  the  accumulation  of  a 
downward  velocity  of  over  70  feat  per  eeoond.  Since  the  altitude  lose 
alone  i>  greater  than  tha  altituda  attainable  with  the  system,  if  follows 
| that  an  attitude  perturbation  of  this  magnitude  could  not  be  tolerated.  On 
the  other  hand,  the  motion  of  the  operators  body  doss  show  the  large  degree 
of  kinesthetic  oontrol  available  with  a vehicle  which  allows  the  operator 

considerable  freedom  of  motion. 

.1  , 

W.  YAW  CONTROL 


Yaw  control  was  investigated  by  testing  tho  ability  of  the 
eyetem  to  approaoh  a target  point  in  a oross  wind,  Though  this  situation 
is  not  strictly  oorroot,  in  that  it  is  assumed  that  tho  operator  will  be 
pitched  forward  throughout  the  flight,  it  is  still  a good  tost  of  yaw 
oontrol,  The  logic  which  was  assumed  was  that  if  it  appeared  to  the 
operator  that  his  bearing  was  correct  (a  threshold  level  of  ♦ jr  was  assumed) 
he  would  provide  a oontrol  moment  to  oppose  any  sensible  vawTng  rate  relative 
to  the  target  (a  threshold  level  of  ♦ 10°  per  second  was  assumed),  if  the 
operator  sensed  • bearing  error,  he  would  provide  a control  moment  to  oorreot 
it  by  heading  directly  for  the  target  and  not  overcorrooting  to  oompeneate 
for  drift.  An  over-riding  requirement  was  that  tho  vawing  rate  relative 
to  the  ground  be  kept  bulow  1 radian  per  second.  The  control  geomotry 
which  was  tested  was  defined  byi 

M “ ICs  8 YAW  CilNTHOL  " KD  d 8 YC  " J ^ 8 YC 

dt  dtB 
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where  M (the  nonant  applied  by  the  operator)  was  plus  or  minus  2 foot  pounds 
'or  seroi  the  spring  rate  (K^  was  .5  foot  pounds  per  radian*  the  damping 

ooeffioient  (Kp)  was  ,5  foot  pound  eeoonds  per  radian*  the  polar  moment 

of  inertia  of  the  oontrol  plus  the  operator1  arm  was  .5  slug  ft2  and  Cyc 


was  the  oontrol  deflection  in  radians*  The  oontrol  was  assumed  movable 
between  +11,5°  and  -11.5°.  The  Jetavator  was  assumed  to  be  def looted  .313 
degrees  per  degree  of  oontrol  deflection.  This  gives  a maximum  jetavator 
deflation  of  3.6°  and  yeilds  a resultant  2.5  foot  pounds  of  torque  at  full 
thrust.  An  attempted  flight  to  a target  30  feet  distant  with  a 30  foot 
per  seoond  o rose  wind  produced  the  trajectory  depicted  in  Figure  22.  As 
the  operator  nears  the  target  he  finds  that  the  yaw  rate  required  to  hold 
his  heading  towards  the  target  becomes  excessive.  However*  while  still  at 
acme  distance  from  the  target  he  is  capable  of  holding  his  heading  within 
e few  degress  of  the  perfect  orientation.  Thia  is  shown  by  the  vectors 
superimposed  on  the  ourve  whioh  show  the  operator's  heading.  With  the 
geometry  ohosen*  the  operator  was  able  to  keep  oontrol  of  the  vehiole* 
and  to  pass  within  6 feet  of  the  target  as  opposed  to  a 15  feet  miss  distanoe 
if  no  attempt  Is  made  to  vary  the  yaw  orientation.  The  geometry  chosen 
wea  considered  satisfactory  for  safe  flight. 


X.  ROLL  CONTROL 


A roll  oontrol  geometry  woe  selected  and  tested,  two  cants  being 
shown  in  Figure  23.  The  operator  logio  involved  was  the  same  aa  that  used 
in  the  pitoh  oontrol  studies.  The  two  oases  shown  differ  in  that  the  damping 
rate  in  Case  1 ia  twice  that  of  Oase  2.  The  maneuver  involved  was  to  move 
from  a roll  orientation  of  10  degrees  to  vertical  position.  The  performance 
of  the  syntom  in  Oase  2 is  oonsidored  satisfactory.  The  oontrol  system  is 
defined  byi 


**  "‘l|9  ROLL  CONTROL  “ 1 d 9 RC 

IT” 


where  the  terms  are  equivalent  to  the  corresponding  terns  defined  in  the 
description  of  the  yaw  oontrol  geometry*  (0RC  is  in  radians).  This  oontrol 

is  assumed  to  operate  a valve  whioh  varies  ths  thrust  of  one  motor  to  pro- 
vide a rolling  moment.  The  oontrol  ia  movable  between  +30°  and  -30°.  The 
linkage  between  the  oontrol  and  the  valve  is  suoh  that  th«!  differontlal 
thrust  ie  equal  to  £ UO  e2^  where  is  in  radiant.  This  gives  e maximum 

difforentlsl  thrust  of  10  pounds  at  full  thrust* 
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..  Y#  SIGNIFICANCE  OF  TH’D  SYST*M  DW’TjOPFD 

It  should  be  pointed  out  thet  tho  system  studied  is  one  anewer 
to  the  problem  of  providing  * smell  rookat  lift  device  which  is  oapeble 
of  aooeptabla  stability  and  performance!  The  controls  which  were  defined  are 
by  ho  means  the  only  set  which  Would  illow  acceptable  flights*  The  opti- 
misation of  the  system  is  beyond  the  soope  of  this  study*  which  is  aimed  at 
demonstrating  one  anpronoh  to  solving  the  control  problems  associated  with 
a SRLD.  it  ia  felt  that  the  configuration  determined  herein  is  one  whioh 
satisfies  the  multiple  requirements  of  safety*  performance*  simplicity* 
light  weight  and  compactness* 
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SYMBOLS 


Oaln  for  Control  Linkage 

Center  of  Gravity 
0,  0,  Shift 
Drag  Forces 

Threat 

Temperature*  Degree*  Fahrenheit 
Initial  Required  Altitude 

Moment  of  Inertia 

Polar  Moment  of  Inertia  of  Control 
Linkage  and  Operator's  Arm 

Yaw  linkage  damping  Coefficient 
Spring  Oonetant 
Damping  Constant 
Judgement  Toleranoe  Coefficient 


Spring  Coefficient 


Applied  Moment 
Reaotion  Time 
Time 

Landing  Velocity 
Velooity  in  X direction 

Downward  Velooity 

Horisontal  Coordinate  Axis 


Required  Horisontal  Position 
Initial  Required  Displacement 


UNITS 


ft 

lb 

lb 

ft 

slug -ft2 

a lug -ft2 
ft-lb-seo/rad 

ft-lb/rad 

ft-lb-aco/rod 


ft/seo/ft 

ft/lb 

eeo 

eeo 

ft/s oo 
ft/eeo 

ft /eeo 


ft 

ft 


;;  J 


.5 


ill 

i;- 


Pni'o  ?7 


u 


; ' ' ■ 


iii 

. i 


d 

fl»f2|f3 


motor 


Rani;*  of  Target  from  Takaoff  Point 

Body  Oomponent  Depth 

Body  Component  Width 

Body  Component  Height 

Distance  From  Body  G#0.  to  Component  C,o, 

Drag  Faotora 

Gravitational  Constant*  32*2 
Altitude 

Arbitrary  Altitude  Above  the  Starting 
point 

Required  Altitude 
Body  Component  Mass 
Mass  Flow  Rate 
Body  Oomponent  Radius 
Dlstano*  from  Landing  Point 

Angular  Aooeloration 
Control  Defleotion  Angle 

Motor  Defleotion  Angle 

Roll  Control  Deflootion 

Yaw  Control  Defleotion 
Control  Lever  Displacement 
Pitch  Angle  at  Landing 
Required  Pi toh  Angle 

Position  Error 
Weight  Flow  Rate 


UNITS 


inches 

inohes 

inohes 

inohes 

ft/soo 2 
ft 


slugs 

slug/seo 

inohes 

ft 

rad/seo2 


rad 

Ib/seo 


1'uijo  20 
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CENTER  OF  GRAVITY  LOCATIONS 
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LATERAL  C HI  TER  OF  GRATITT  SHIFT 
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THE  DEVELOPMENT  OF  THE  EQUATIONS  j 

I 

OP  MOTION  FOR  Tffl  9KAU,  ROCKET  LIFT  DEVICE  | 

DYNAMIC  STABILITY  STUDY  j 

I,  SUMMARY 

The  aquations  of  motion  for  the  8RLD  maneuvering  in  tha  pitch  plana  ara 
davalopad  harain.  Tha  ay at am  ia  traatad  aa  a quasi-rigid  body  composed 
of  two  rigid  component  a hinged  together.  Tha  cociponantr  rapraaant  tha 
uppav  and  lowar  parta  of  tha  operator * a body  and  tha  hinge  rapraaanta  tha 
hip  Joint. 

Sine a it  ia  intandad  that  thaaa  aquationa  be  uaad  for  a digital  eomputar 
study,  aavaral  approxiaationa  hava  baan  made  aiJ  finite  difference  aolutiona 

ara  acme times  uaad. 
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IX.  DISflU88I0N 

The  requirement  for  * dynamic  stability  study  of  Cho  SRLD  proaontad  aavaral 
problaaa  associated  with  tha  mathoda  of  solution  to  ba  uaad.  The  complexity 
of  tha  ayatan  mada  It  naeaasary  that  a digital  ooaputar  ba  employed,  rathar 
than  an  analog  machina.  Tha  ability  of  tha  system  to  hover,  fly  backwards, 
and  ehanga  configuration  mada  It  impossible  to  employ  any  of  tha  trajectory 
routlnaa  previously  programed  for  tha  IBM  704.  Accordingly,  a new  sat  of 
aquations  of  motion  had  to  ba  developed  for  uaa  with  the  digital  machina. 


After  a preliminary  Investigation  of  different  approaches,  it  was  datarmlnad 
that  tha  contract  requirements  could  ba  moat  expeditiously  satisfied  by  per* 
fowling  a stability  and  performance  study  of  pitch  plana  motion  and  separate 
stability  studies  of  roll  and  yaw  motion.  The  two  dimensional  equations  of 
motion  In  the  pitch  plane  are  developed  In  this  report. 


Zt  la  desired  that  the  effect  of  a violent  contortion  of  the  operator's 
body  on  tha  controllability  of  the  SRLD  ba  investigated.  The  most  violent 
contortion  apparent,  In  the  pitch  plane,  is  the  kicking  of  the  lags  from 
the  hip,  Accordingly,  provision  will  bs  made  for  the  inclusion  of  this  motion 
at  an  arbitrary  time  during  flight.  Since  it  Is  expected  that  the  operator 
will  attempt  to  maintain  a "standing-type"  position  during  flight,  the  kick 
will  consist  of  a kick  forward  from  the  "standing-type"  position,  a period 
during  which  the  legs  are  held  forward,  and  a kick  down  to  tha  Initial 
position.  Tha  mathematical  modal  of  the  operator  will  assume  two  rigid 
bodies  (Ficure  1)  of  masses  and  Mg,  pivoted  at  the  hip,  with  the  respective 

n.O.'s  at  distances  r^  and  r^  from  the  hip.  The  subscript  will  refer  to 

the  upper  body  including  the  SRLD  and  propellant,  and  the  subscript  L)  will 
refer  to  the  legs.  A reference  exls  has  been  chosen  as  the  line  vertically 
upward  from  the  hip  pivot  when  the  operator  is  in  tha  standing  position.  It 
Is  assumed  that  the  0.0.  of  the  leg  is  on  this  line  in  the  standing  position. 
The  angle  between  tha  r«  11ns  and  tha  reference  line  will  be  called  g.  The 
angle  between  the  r^  line  and  the  reference  line  will  ba  called  y. 

A mathematical  expression  for  the  kick  maneuver  la  represented  by  a sinusoidal 
velocity  curve  in  tha  form: 

a 

0 ■ p sin  St*  for  t*  from  0 to  2 A t 

The  corresponding  angle  and  acceleration  equations  are; 


® - «0  + P (1  • 

e#  8 

0 ■ PS  cos  St' 


cos  8t'l 


A kick  magnitude  of  90°  will  bo  considered. 

The  time  increment  At  will  represent  the  time  required  for  a 90°  kick  in  one 
direction  and  t*  will  represent  the  total  time  during  which  kicking  has  been 
occurring.  During  the  course  of  a kick  up  and  back,  t'  will  go  from  0 to 
2 A t. 
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Curves  of  the  functtoni  of  tlao  (t)  va  9,  9,  8 will  bo  ontorod  into  the 
computer, 

S ia  dofinod  oa  «/ At, 

lha  maximum  angular  valoeity  P ia  chosen  ao  that  a 90°  kick  la  accompllahad 
during  At, 

in  thaaa  computations,  At  vaa  assumed  to  ba  approximately  0,6  seconds, 
lha  eovraaponding  valua  of  S la  1.667ft  and  tha  valua  of  P la  -.479  «2. 

9'  ia  daflnad  aa  8 + y 
however,  alnca: 

a 0 

e » r 

••  M 

9*>t  (except  during  impulaa  thruat  ohangaa  which,  having  0 duration, 
can  ba  ahown  not  to  affact  tha  dynamics  of  tha  problem.) 

Wa  define i 

a • 

9*  - 9 

if  II 

9'  - 9 

Since  tha  kick  la  accomplished  by  applying  equal  and  oppoalta  ,torquaa  to 
tha  two  body  componanta,  there  will  ba  equal  and  oppoatle  changaa  in  tha 
angular  momentum  of  tha  two,  It  will  be 'assumed  that  tha  thruat  and  aero- 
dynmnlc  momenta  do  not  change  9.  Hence,  tha  total  internal  angular  moment's 
will  remain  unchanged,  Wa  may  therefore  look  at  tha  ayatam  aa  if  it  ware 
a rigid  body  with  variable  moment  of  inertia  about  lta  fi.G.  Gonaldarlng 
the  two  componanta  to  ba  rigidly  coupled  macaco,  wa  may  write r 

I,  - i.-r,  * «‘M,  + 6*  M, 

Tha  angular  velocity  of  tha  ayatam,  u>  , la  given,  for  a rigid  body,  aa  tha 
angular  velocity  of  any  line  on  tha  body  (two  dlmenalonal).  Since  wa  have 
a quaai-rigld  body,  tha  generalisation  la  not  nacaiaarily  valid,  Tha  line 
through  tha  C.G. *a  1,  8,  and  C,  however,  ia  a apacial  caaa  which,  for  tha 
quaai-rigld  body,  haa  tha  a am a properties  aa  tho  arbitrary  line  on  tha  rigid 
body,  Thla  line  makes  an  angle  ^ with  coordinate  y of  a non-rotating  axle 
ayatam.  Therefore i 

CJ  m vj 


I 


The  objective  of  tha  kick  routine  ia  to  determine  tha  angular  inclination, 
9,  of  tha  uppar  body  rafaranca  axis  from  tha  vertical.  Since  the  position 
of  the  body  rafaranca  axis  will  bo  daflnad  relative  to  tha  position  of  the 
uppar  body  G.G,  by  a curve,  it  ia  convenient  to  follow  the  inclination  of 
the  line  connecting  the  pivot  point  with  the  upper  C.G,  (line  r. ).  Wo  will 
designate  tho  angle  between  this  line  and  the  y axis  aa  9*.  is  defined  aa 
tha  angle  between  r,  and  the  line  connecting  the  pivot  point  with  the  com- 
bined C,G,  (line  r ), 
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•V*  a«y  now  writ*  the  axpreealone  relating  the  torque  end  the  angular 
momentum; 

Ie  w * [j,  ♦ jt  - «.*n,  + 1*  mJ  n 

— (T  ,,\=  V «s  TCAQUe 

elt  V*  **7  Ve*TrfiN*l 

or 

[i,4  iA  + a*  r?, 4 4 /i#]  V 4 [i,  + ir£  b^+ 

However,  from  Figure  2t 


•o  that, 


n - 0'-  V 


I<(0'-  VO*  ic  (4'-  »')  * r 


V,  •*  T + 

<t>  ’ v ♦ — 


9 2 

a and  b nay  ba  almply  determined: 


(a  ♦ bf  *>  r,*  + r/  - 2 r,  rx  CO  J O' 


From  the  definition  of  C.G, ; 


an,*  bnt 


■o  theti 


‘ = (k)  (t*  * r>‘  - tr.r,  cos  &') 


6‘  =[rt)(r‘L  4 r‘‘  ' tr,r' cos&  ) 
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Wa  suit  next  dettmin*  axpraaaions  for  \ and  \ . Sine*  r^,  rg  and  O' 
will  ba  known  or  dwtaralnabla,  y(  la  dafinad  in  tarma  of  thaaa  quantities : 

Dlffarantlattng  with  raapact  to  tlaa  ylalda i 


* t 


X 


r / \2 

(k-I\COS^) 

\K“  ricos*’  J 

r_,  tha  rata  of  ohanga  of  tha  dlatanea  from  tha  hip  pivot  to  tha  lag  C.G. 

II  aaro,  ao  tama  containing  this  may  ba  allmlnatad.  Combining  and  ra arranging 
tha  ramalnlng  tarma  ylalda: 


<*  _ r.  n 4'cos-e-'-r4  r,  siN+'-rS# 

' ~ r}  + r}  -zr'ncos* 

Again  dlffarantlattng  with  raapact  to  tlaa  ytcida  t 

n'  » {(f/*  rt'  - i r, ncose-'^b  S' cos  ecos&  t 17 1 i&cas  c.o$&- 

r, rt (&'}  s/v*'-  rt  r,  sing  - rt  ri sing- rt  r,  cos  V -2  r,  ru j ~ 
(nii&COS* -rti]  s/vV-r/«)  [2.17/7  +2/f  i-  2l7rf  - 

* z r>rt  cos  e'  * zrtrt£  sin  ♦'  C*  •*  »i*-2r, /j  cos  d) 
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■ §■£ 


jr  * -t  Kticos+') 


t'+fg1  -tnft  cos  &) 


j££.  ■©■'  cos#  - rt-&r;  tosk&'+  r,*-&  s/m&cos  &'+  r,* sin ■e'coS’ef 

h 


£-  n *$/#&'-  nn  £'swV-  rtr,&+  rtr,  e'cos  sw-e* 


In«pacici.n|  the  tarns  in  and  , It  is  appavant  that  many  o£  than  contain 
r. , Tha  slgnlficanoa  of  those  tarns  is  that  thay  rapraaant  tha  motion  of 
the  body  dua  to  tha  rata  of  shift  of  tha  fual  C.G.  at  constant  nass.  It 
is  apparent  that  tha  affact  of  thasa  tarns  is  snail  compared  with  tha  effact 
of  6'and  and  a great  deal  of  simplification  results  if  thay  may  ba 
discarded.  This  is  now  dona  end  we  gat : 


\ s £ft  & 

+ - mrt  cos 
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The  next  l tana  to  ba  datarmtnad  are  axpreaalona  for  ~—* 

« t 


Jt 


(r‘ » r,'  - 


t 

l 


l)jt  ('i‘< ' 2 r‘r‘cos*)  t (c*  *«* - 


i.PVjJ=  fo/1 . 


Hovavar, 


/fi- 


and  Mfi  may  ba  urittan  aa  vv/g 


Tharafotai 


- -2 


/y/  w 


sW 


~ i 


M 


Mr:* 


•*» 


s//^cos*~2  ijV 

-2  17  5 cosl?Y^ 


(*)  *nd  it  W 


Fag*  Y 

Appandlx  D 


but, 

i 

ft,  - /% 

and, 

fic  - M)  » 

Therefore t 

±. 

Jt 


n 

Me 


« o n>  Ml  * 

a Me 


-jt  (r,1 + rtl  - 2 1; t}  cos 4)  *Zf’trl4zrtiii-z^tlcos& ~zr,rlcose*irlrie> s/^^' 


Sine#  Cg  ■ 0«  this  radueea  toi 

cose^zfpi-  r,r,  cos  s'*  r r, s'  s/m  «•') 


Therefore) 


tr,rtcos£) 

•nrxcos<£) 


Jinca  tha  change  In  (a)  due  to  r.  la  amall  compared  tp  the  change  due  to 
O'  during  tha  interval  of  tha  kick,  tartna  containing  r.  are  eliminated, 
and  va  are  left  with;  1 


d_(  »\_  j m‘,  nn  »5IA/s'  ZAf<*»(C,*f>-2Cr,gg.S^') 

Jt''  ' M‘  ~ 3 ti) 


\>f] 1 Jy*  \ ■ 1 ; ij  v ■ 


v,-.r  „■*>;»■#- 


t'f 
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I 


J M i/f/rne'siN*'  zntUwit'+tf-znn 
jt'  ' til  Thf 


cos& 


w 

Ij  may  b«  expressed  as: 


vs  dl, 
a !w 


Ig  is  obviously  0. 

Us  now  ropsat  tha  pitching  aquation  of  motion 

[l  *j,*sn  * iV7,]  ^ * n, £ («*)  + ««£(*')+  = T* 

It  is  apprant  that  wa  aca  now  abla  to  avaluats  all  tha  tarns  of  the  laft 
hand  manbar  and  it  rsmalna  only  to  avaluats  to  allow  tha  solution 

of  tha  aquation. 

Tha  external  torque  will  ba  contributad  by  two  items : 

(1)  Thrust 

(2)  Aarodynmnlc  forces 

Tha  torque  due  to  thrust  will  ba  evaluated  next: 

Tha  thrust  component  parallel  to  tha  uppar  body  rafavanca  axis  will  ba  F 
cos  eM  and  that  normal  to  tha  axis  F sin  ®M>  As  may  b*  seen  from  Figure  3, 

tha  resultant  torque  about  tha  combined  G.G.  will  ba: 


1 TH  RWjr 


(V  sw($?-y)+  xi]  r cos  4 - rt 


rc  « { [Mt  rt  swo/hcP [(H r,  +ntrt  cos } 


StNV  * /**/*  UN-&/  mc  rt 
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‘ . ; ••  • * . 

‘ V * ‘ F'l 


■ ..  - -T  . fy|  ^ 


t 


f 

r' 

\ 


\ 

i 

i, 

r. 

i 


( 


t 

i 


i 


We  now  proceed  to  evaluate  the  torque  due  Co  aerodynamic  forces.  Sines 
ths  aerodynamic  forces  due  to  pitch  damping  will  be  smell  compered  tb 
those  due  to  translation,  we  will  Ignore  than,  It  will  be  further  assumed 
that  the  aerodynamic  forces  may  be  broken  into  three  flat  plate  dreg  com- 
ponents with  little  loss  of  accuracy,  the  components  will  act  normal  to 
the  upper  and  lower  body  exes  and  parallel  to  the  upper  body  axis,  The 
drag  forces  are  represented  by  D',  and  the  negatives  of  these  forces  by 
D.  The  coefficients  of  the  V*  terms  will  be  represented  by  f end  ere 
defined  by : 


f * \ S' 


so  that) 


D • f v|v|  e - o' 


Figure  4 defines  the  three  drag  forces t 

o,  ■ f,(vr  cos  0 * v*  s/aj4)\vy  to:  vj  :/n0  | - - d' 

• fj(v/  COS  0 - Vr  S/M0)  |y;  COS  0~V v StN  0\  - - D'x 
0,  • fs(v/  V^C05p)|  V'H  S//V(?  VyCOS(j|  - -Oj 

(3  a 0 + e • - jf- 
COS P - + 0) 

S/A/  (3  a -COs(&  + 0) 

0)  m [“  v»  c vv  sw^*j*)]|-V4'cos(e  +0)+  vy  sw(e-  +0)| 


I 

i 


I 

) I 


: •,  ■ •«?  . f,!  • ■ mv  •. 

« M I**':  * ‘ X**'  H ^ k.*  * ■ . V;  t 

V'1-'*  ■ . A * ■ v 

* , ’ *4  * i*  t • i* „t»-  Av» v * -K  • V * 
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I\l-^)UL  t no. 


Aa  nay  ba  a tan  In  Figure  5,  the  torque  due  to  aerodynamic  foroea  may  be 
written  aa: 

""Fflavro  B Di  f,  ■*  Di  Jt  ~ 0,  Js 

or 

T *k*q  “ ® ~ & t / '* 

From  Figure  4,  It  will  be  aeen  that  1.,  1-  and  l,  may  be  written  In  terma 
of  prevloualy  defined  quantitlea:  2 ^ 

l -x'ou  g s/a/  - y) 

h * C - rc  cos(^-y) 

5 - re  cos  (*'-*") 

Thua,  the  torque  due  to  aerodynamic  forcea  ia  given  by: 

X»r*0 * -f,(vy  605 0+v/ sw^)|vv  cos  4 + v;  siN# |[C+ rc  s/A^-r)] 
ft(v;  cos  4 - Vy  sm/0)|  v/  cos  <f>  - Vy  s/w  ^|[y0'w  - re  co5^-y)]+ 
fs[-v«'  co$(#+4>y  vr  sw(p+ cos (o +^)+  Vf  - ijcos^'-y 


We  may  now  write  the  pitching  equation  of  motion  in  terma  of 
readily  determinable  quantitlea.  We  firat  define  the  torque 
equatlona  in  conaiatent  terma. 
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* ‘ • ' * ’’  **  .'if  & '*  4*  ‘ m , 

• »* . . w<-  ■ * . 


I 


The  a urn  of  tha  tor quae,  du*  to  thruat  and  aerodynamic  forcaa  arcs 

[t  >C]rc0S  **}  *{|Vm  - rt  cos  (V  yjjf  s/a/  e«)  - {f,(w  car  4 « 

ylsiN^tyCOS  4+  v[ s/// ^ | S/a(^ - *)]}- {^(v/ COi  - /y  COS  0 - 

Vy  $//V  (V0V  If  CO.c  (V-  *)]}♦£,  £■  Vi  cos  (&  * &y  VY  $ //v(f>  ♦ 0)]  | - 4'  C OS  (*  ■»  «|)h 

Vy  $/A/(*  **)  | [13  - £ COS  (*-?')]} 


where t 


e - {(rr, « siN-9/iicf *\(Mlr,*nlrt  cos e')/«t]* }' 
. {[**  * S//V(e  - r)]  + [M>  t ^ r*  (©•  * y)] ] 

■^c  “ 


SIN  f 


fit  rt 

Me  £ 


’(♦*') 


however : 


& + <f  • + 


e * ^ -»■  r 


Vt  m Vt  * Vw 
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'</  * * V- 


■ *^.1Wv,-v  , ..* 

vjH.  »(*  ■•  1 * . *«y«;  * . ,.\ 


E irTP eKFJ 


9 
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writing  Y : 


ntjQ  cos  {-&  + *)-  rtl  e 
G*  + rt*  -2  r,  n cos  [&  + n) 


writing  i 

*h'„  ^r*  l&cos(e+  r)-el  s/n(&+* 
n‘*  rt*  - ir,rt  eos(**  V) 

l r?rt*  & $!N[6*  *)LO$[&  + r)~  l i 
7*7  - 2 r,  rt  cos{*  + Fjj 


We  may  write i 

0 * 0 - y 

<Z>'«  0 - * 

3'-  0-  ir 


However,  «■  mentioned  earlier,  y may  ba  ignored  compared  with  0,  ao  that 

• 4 * 4 4 

(J)  at  (£ 

aleo: 


dl 

J w 


w 


•o  that: 


w 
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: * ■tw'  .«*«*’*  rr  .*  . *avv  ■ • • 


I 

1 


To  daacriba  tha  motion  of  tha  aystam  in  tha  pitch  plana,  two  mor*  aquation* 
of  motion  ara  raquirad,  Thaaa  ava  obviously) 


and 


£*  - * * 
B t\Y 


Tha  axtamal  forcaa  ara  tha  thrust,  waight,  and  aarodynamic  forcas.  W* 
nay  r*vrita  tha  abova  aquations  as: 

“ ■ [V  swfpti  +0)-D,  S/A/  0 - Ot  COS  4 + Ds  Cos(0+  *■)] 

V * ~ (Ww  (^f  * t)‘  - O>CO$0-  [\  SIN$~Of  S/<v(^*)] 

axpanding  tha  aquationa  t 

i * * ij-i  \v,COS0+(y$  * kJ)  VrCOS0*(p  t*c)  | (s//v - 

£ SW  <i\\(y*  + &)co$(}-Vy  s/A/<t\(cosi)+  vJ)cos(e+  fij- 

Vy  X//V^a  | -(y,  * vCj  cos  (*+  S/f/  (e-4  0)  | [cos  (o  * J 
Y*  ~ {fcos(^ - f, [vrcosj + (y** K,)$/A/ i^Vy COS j +(% ♦ vc)  $/M  | (cos fj) - A/e5- 
U [(y» * K*)C0J S/a^]|(k ♦ vc)cos  ^-i/y  *Kv)coj(e+  0)  i 

Vy  5W($*dl)]|-(ii  *l/*)co5(*^)+ty  S//v(^^)|  [s/v(d  *«()]} 
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\»P: 


V >v*  *< 


■ 'W*  V;  »< •vjl-  .•/..*■•  • 

'*  ^ ifa  . •iiH’-.'/if.-: ...  , - .1rf 

r,\  • M .»»«■  j»\ /it  ytV  i ■•  1 • 

. mw/mx 1 / p *?_•-*. . .:  ■:■. - -x -. 


-iAi-iki.1  ,^L.i;  J;-: 


The  five  aquations  for  t,  x,  y,  p , and  rQ  may  ba  solved  simultaneously 
to  complstaly  describe  tha  motion  of  tha  system  in  tha  pitch  plana. 


, lift  >:  J • 

• ../■  w,.i  »V-r.\)).v. .. . 
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Body  OtoMtry  During 
Kick  Mantuvtr 


Orientation  of  Thruit  Vector 
to  Model 


Figure  'j 
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